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Summary 
Sources of ionising radiation in the environment are mainly naturally occurring 
radionuclides, such as potassium-40 (40K) and carbon-14 (14C) and man-made 
radionuclides, such as caesium-137 (137Cs) and iodine-131 (131I). Both sources 
increase radiation dose to human beings and other living organisms and have 
the same biological effects. Exposure to these radionuclides creates a demand 
for feasible methodologies to measure their body burdens. Whole body 
counters (WBC) are well-established instruments to detect, identify and 
quantify radioactivity in the human body. In order to perform reliable 
measurements of the body burden of radionuclides, a whole body counter 
should be calibrated with applicable phantoms whose sizes are similar to those 
of human subjects. 
The Cardiff WBC in the Medical Physics and Clinical Engineering Department 
at the University Hospital of Wales, is composed of six large-volume thallium-
doped sodium iodide (NaI(Tl)) scintillation detectors in a shielded room. In 
this work, the counter was calibrated empirically for three radionuclides, 
namely 40K, 137Cs and 131I, using an anthropomorphic phantom technique. 
Prior to the calibration experiments, preliminary work was done to characterise 
the performance of the Cardiff WBC. Optimum photopeak counting windows 
were determined by various methods, and a window of twice the FWHM was 
chosen as the best one. Energy resolution was determined for the three 
radionuclides, and it was found that for 137Cs, the value was consistent with the 
British Standard for scintillation detector-based instruments. The theoretical 
minimum detectable activity (MDA) of the counter for the three radionuclides 
was determined and shown to increase linearly with phantom mass. The effect 
of varying the scan speed was measured and it was found that count rate 
increased significantly (p<0.05) with increase in speed. Background count rate 
inside the counter room was studied in terms of its stability and the effect of 
phantom mass. Stability was determined over a two-month period at five 
different positions along the length of the room, with and without the patient 
bed. It was found that background count rate was less at the closed end of the 
room that at the centre or near the doors. Furthermore, it was greater with the 
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bed in place than in the absence of the bed. Phantom mass had a significant 
influence on the background count rate for the 40K and 137Cs counting 
windows. Finally, the counting efficiency of the WBC decreased 
logarithmically with photon energy. 
As regards calibration of the WBC, the Department has three sets of Bush 
phantoms, the compartments of which were arranged to produce phantoms 
with a wide range of height and weight. Potassium-40 was calibrated using 
uniformly distributed and point source techniques, whereas only the point 
source technique was used for 137Cs and 131I. The measurement of 131I count 
rate was corrected for overlap of the Compton region with the photopeak in the 
pulse height spectrum. 
There was a significant negative correlation (P<0.01) of the calibration factor 
F (sensitivity) with phantom mass for the three radionuclides, whereas 
phantom height had very little impact on F. The ratio of count rate in the 
Compton energy band to that in the photopeak was considered as an index of 
size. This ratio had a significant positive correlation (P<0.01) with phantom 
mass and the variation of F with the Compton to photopeak count rate ratio 
was used as an alternative method for determining the total body radioactivity 
for the three radionuclides. In general, this alternative method gave satisfactory 
results compared with the conventional approach. It has the advantage of being 
a self-contained technique that makes a correction for subject size based on 
just information from the gamma pulse height spectrum, with no need for 
additional measurements such as height and weight. 
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1.1 Motivation 
Radioactivity is a phenomenon that occurs naturally in many substances. Radionuclides 
spontaneously emit invisible energetic radiations, which can penetrate the human body. 
The effects of such radiation can be harmful when people are contaminated, or 
beneficial when used in a correct way. Natural types of radiation have been present on 
the Earth since its formation, and all people have naturally occurring radioactive 
nuclides inside their bodies from birth; examples include potassium-40 and carbon-14. 
On the other hand, artificial radionuclides, such as caesium-137 and iodine-131, come 
from medical applications or nuclear power plant accidents for example (Harrison and 
Phipps 2002). Radionuclides may emit alpha and beta particles with a relatively high 
energy plus several gamma photons. The emission of particulate radiation causes 
greater damage than photons due to the greater ionising power. 
Due to the adverse biological effects of radiation, it is necessary to measure accurately 
the in-vivo human content of radionuclides. Whole-body counting is a technique that 
has two uses: the detection and measurement of minute amounts of natural or 
accidentally acquired radioactivity, and the absorption and retention of radionuclides 
administered for diagnostic or therapeutic purposes (Andrews et al. 1973). However, 
these counters are sensitive to gamma emitters only (Warner and Oliver 1966). 
To perform a reliable measurement of the body burden of radioactivity, a whole body 
counter (WBC) should be calibrated. The calibration of a WBC must take into account 
body habitus and the distribution of radionuclides in each person. This can be achieved 
by giving subjects a known amount of radionuclide so that they act as their own 
standard. However, this method is rarely justified because of the increased radiation 
dose to the individual, and it is impracticable for a population survey. An alternative 
method depends on the use of an anthropomorphic phantom. Typically, a Bottle 
Mannikin Absorbed (BOMAB) phantom is used; it is also called Bush phantom. The 
phantom consists of 10 liquid-filled polyethylene compartments representing the main 
segments of the body. A limitation of using anthropomorphic phantoms is that they can 
never reproduce accurately all variations of human size and shape (Fenwick et al. 1991). 
Usually, the calibration is achieved using a standard height phantom, and so calibration 
for other sizes requires effort and cost. 
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In this study, the availability of three sets of Bush phantoms in the Medical Physics and 
Clinical Engineering Department, at the University Hospital of Wales, Cardiff, 
provided an opportunity to arrange the compartments to construct phantoms covering a 
wide range of heights and weights.    
1.2 Aim 
The aim of this project was to calibrate the Cardiff whole body counter for three 
radionuclides, namely potassium-40 (40K), caesium-137 (137Cs) and iodine-131 (131I), 
using various sizes of BOMAB phantom. In addition, the variation of the calibration 
factor with Compton to photopeak count rate ratio was investigated as an alternative 
approach. 
1.3 Objectives 
 Reviewing previous work on the calibration of whole body counters.  
 Using the opportunity given by the availability of three sets of Bush phantoms 
to construct a range of height and weight configurations. 
 Investigating the performance of the Cardiff whole body counter as regards 
characteristics such as optimum photopeak counting window, minimum 
detectable activity, counting efficiency, energy resolution and the effect of 
changing the scan speed on count rate. 
 Characterising the background count rate inside the WBC chamber in terms of 
its variation with time and position and the effect of phantom mass. 
 Correcting the background count rate for the effect of body mass for 40K and 
137Cs. 
 Correcting 131I count rate measurements for radioactive decay and for Compton 
band overlap with the photopeak in the pulse height spectrum.  
 Investigating the variation of calibration factor F (sensitivity) for the three 
radionuclides over a wide range of anthropomorphic phantom height and 
weight.  
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 Investigating the dependence of F on the Compton to photopeak count rate ratio 
as an alternative method for calibrating the whole body counter for the three 
radionuclides.  
 Studying the effect of scattered radiation from 40K on the count rate in the 137Cs 
and 131I photopeak windows.  
1.4 Thesis outline 
The thesis chapters are organised into the following structure: 
Chapter 1: This chapter highlights the motivation, aim and objectives of the research 
and outlines the structure of the thesis. 
Chapter 2: This chapter considers radioactivity and presents a review of background 
information including the following: 
 Radioactivity: nuclear instability, decay mechanisms, emissions, half-life. 
 Interaction and attenuation of particles and photons: charged particles 
(electrons), gamma photons (photoelectric, Compton, and pair production). 
 Biological effect of ionisation radiations, mechanism of this effect. 
 Detection of radiation: scintillation detectors, electronics, multi-channel 
analyser (MCA), pulse height spectrum, energy calibration, photopeak and 
Compton band, counting windows. 
 Expression of results: count rate and background, calibration for activity, 
minimum detectable count rate and activity. 
Chapter 3: This chapter reviews the background of whole body counting concerning 
the following: 
 Types of WBC: Single or multiple detectors, bed or chair geometry, static or 
scanning mode. 
 Shielding: shadow-shield or shielded room, material (aged lead, pre-war steel). 
 Radiation phantom and experimental phantom configurations. 
 Cardiff whole body counter: design and construction, shielding materials, 
electronics, MCA, motor and motor control, additional equipment. 
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Chapter 4: This chapter, on the performance of the Cardiff whole body counter, 
introduces experimental work including the following: 
 Optimum counting window. 
 Energy resolution. 
 Scan speed: effect of changing the scan speed on count rate. 
 Minimum detectable activity (MDA). 
 Background: variation inside the WBC room and effect of phantom mass.  
 Counting efficiency. 
Chapter 5 This chapter is dedicated to calibration for 40K based on the following:  
 Anthropomorphic phantom (Bush phantom) technique used with a wide range 
of height and weight configurations.  
 Correction of background count rate for the effect of phantom mass. 
 Calibration using uniform distribution throughout the phantom and point 
sources. 
 Variation with phantom mass of count rate in the Compton region to that of 
photopeak.  
 An alternative calibration method based on the relationship between calibration 
factor (sensitivity) and the Compton to photopeak count rate ratio. 
 
Chapter 6: This chapter, on the calibration for 137Cs, describes the following    
experimental work: 
 Same range of Bush phantom heights and weights as was used in the 40K 
calibration. 
 Background corrected for phantom mass.   
 Point source technique used in the calibration.  
 Variation in Compton to photopeak count rate ratio with phantom mass.  
 Alternative method based on the variation of the calibration factor with the 
Compton to photopeak ratio.  
 Contribution of the 40K count rate to the 137Cs counting window. 
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Chapter 7: This chapter, on the calibration for 131I, describes the experimental work 
for both total body and neck content based on the following:   
 Same range of Bush phantom heights and weights as was used as in the previous 
calibrations, except that a new configuration was adopted for the phantom of 
height 160 cm.  
 Point source technique used in the calibration.  
 Variation in Compton to photopeak count rate ratio with phantom mass.  
 An alternative method based on the variation of the calibration factor with the 
Compton to photopeak ratio.  
 Correction for the effect of radioiodine decaying during the counting time and 
overlap of the Compton band with the photopeak in the pulse height spectrum.  
 Contribution of the 40K count rate to the 131I counting window.  
 
Chapter 8 This chapter summarises and discusses the research and provides 
recommendations for future work. 
 
Appendix A This part of the thesis describes the effect of phantom mass on background 
count rate in the energy range 1-2000 keV.
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2.1 Introduction 
Throughout the Earth’s history, ionising radiation has fallen on its surface from outer 
space and risen from radioactive materials in its crust. The greatest part of the exposure 
of the world’s population to ionising radiation comes from natural sources; thus, 
exposure to most of them is inescapable (Escareño-Juárez and Vega-Carrillo 2012). 
However, hundreds of man-made radionuclides have been produced artificially and 
used in medicine, industry and weapons. 
Radiation can be categorised according to its source: natural or artificial. Natural 
background radiation is divided into cosmic and terrestrial radiation. Cosmic radiation 
comes from space, penetrates the earth’s outer atmosphere and may be absorbed by 
humans. On the other hand, terrestrial radiation is produced from the natural decay 
process of radioactive materials, such as uranium and thorium that exist in the earth's 
crust. Artificial sources of ionising radiation are made in nuclear reactors and charged 
particle accelerators; they are used in medicine and for the generation of nuclear 
power, for example (Harrison and Phipps 2002). 
In addition to the cosmic and terrestrial sources, humans also have several 
radionuclides inside their bodies from birth; these include 40K, 14C and 210Pb. The 
variation of an individual’s exposure to radiation from these sources is not as great as 
the variation between cosmic and terrestrial sources. 
Both sources of radiation, natural and man-made, increase the radiation dose to 
humans and other organisms and have the same biological effects (Elgazzar and 
Alenezi 2015). In the United Kingdom, the highest level of background ionising 
radiation comes from natural sources, which cannot be controlled. The average person 
receives an annual effective dose of 2.7 mSv, of which about 2.2 mSv is from natural 
radiation (Watson et al. 2005). 
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2.2 Radioactive decay 
The activity (A) of a radioactive material is the number of transformations that take 
place each second, and is measured in becquerel (Bq). The becquerel is the SI unit of 
activity and is equal to one disintegration per second. However, the curie (Ci) is an old 
unit, which is equal to 3.7x1010 disintegrations per second or 37 GBq (Knoll, 2010). It 
is based on the rate of nuclear disintegrating per gram of radium-226. 
The process of an unstable nuclide or “parent” transforming into a more stable 
“daughter” nuclide is called radioactive decay. This spontaneous process usually 
causes the emission of particles and/or electromagnetic radiation and alters the nucleus 
of an atom. The activity of a radioactive source can be expressed as a rate of decay, 
and is given by the fundamental law of radioactive decay (Krane and Halliday 1988). 
                     A(t) = - 
𝑑𝑁(𝑡)
𝑑𝑡
 =  λN  ……………….2-1 
where N is the number of radioactive nuclei at time t and λ is the decay constant for 
the radionuclide. 
By integrating equation (2-1) with respect to time, it becomes: 
                    A(t) = A0e
-λt   ………………………2-2 
where A(t) is the activity at time t and A0 is the activity at time zero. 
Because A is proportional to the number of nuclei, equation (2-2) can be written as: 
                   N(t) = N0e
-λt   …………………...….2-3 
where N(t) represents the number of nuclei at time t and N0 represents the initial 
number of nuclei at time zero. 
Radioactivity is a random process characterised by a half-life (T1/2), which is the time 
taken for half the number of nuclei in a sample to decay and given by (Lilley 2013): 
                   T½ = 
0.693
𝜆
  …………………………2-4 
Most natural radionuclei are members of one of three radioactive series: 238U, 235U and 
232Th. However, there are some, such as 40K, which are not part of a series. These 
natural sources decay to produce alpha, beta and gamma radiation, which represent 
types of background radiation (Oczkowski 2001). Alpha radiation is produced when a 
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nucleus ejects a particle that consists of two neutrons and two protons (a helium 
nucleus). An example of an alpha emitter is 238U, which undergoes alpha decay to form 
234Th and 4He. Beta particles (β) are high-energy, high-speed electrons that are emitted 
when a neutron is turned into a proton. They are emitted during the decay of certain 
types of radioactive nuclei, such as 40K and 137Cs. Gamma decay occurs when there is 
residual energy in the nucleus after alpha or beta decay. The surplus energy appears in 
the form of a photon (Knoll 2010). Examples of gamma emitting radionuclides include 
131I, 137Cs and 60Co. 
2.3 Interaction of radiation with matter 
Both types of radiation, charged particles (such as α and β particles) and 
electromagnetic radiation (such as γ photons), are emitted during radioactive decay. 
These types of radiation transfer their energy to matter, producing ionisation and 
excitation of atoms and molecules as they pass through it (Cherry et al. 2012). 
A charged particle loses its energy through collisions when it interacts with orbital 
electrons or the nucleus of atoms it encounters, as it penetrates into matter. Interactions 
with orbital electrons of the absorber result in collisional loss, whereas interactions 
with nuclei of the absorber result in radiation loss. The amount of energy transferred 
from the charged particle to matter in each individual interaction is relatively small, so 
that the particle undergoes a large number of interactions before its kinetic energy is 
spent (Podgorsak 2010). 
Stopping power is the fundamental parameter used to describe the gradual loss of 
charged particle energy as it passes through an absorber. It plays an important role in 
radiation dosimetry, as it depends on the properties of the charged particles, such as 
charge, mass, velocity and energy, and on the properties of the absorbing medium, 
such as density and atomic number. Stopping power can be classified into two types: 
collisional stopping power, which results from charged particle interaction with orbital 
electrons of the absorbing medium, and radiative stopping power, which results from 
charged particle interaction with nuclei of the absorbing medium. 
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Gamma photons are uncharged particles and create no direct ionisation or excitation 
of the material through which they pass. Gamma photons interact with matter such that 
all or part of their energy is transferred to electrons (and positrons in the case of pair 
production), creating ionised atoms and ion pairs. Theses secondary entities form the 
basis of the detector signals.  
Attenuation is a reduction in the intensity of a photon beam through absorption and 
scattering due to its interaction with matter. The quantity linear attenuation coefficient 
(µl), has the dimensions cm
-1 and reflects the absorptivity of the absorbing material. It 
depends on the energy of the radiation and the properties of the material and it is found 
to increase linearly with absorber density.  
Figure 2-1 illustrates the variation of the mass attenuation coefficient for NaI(Tl) with 
photon energy. The quantity mass attenuation coefficient (μm) has the dimensions cm2 
g-1 and is derived by dividing the linear attenuation coefficient by density. It depends 
on the atomic number (Z) and electron density of the absorber, and the energy of the 
incident photon (E). 
 
Figure 2-1: Mass attenuation coefficient of NaI (Cherry et al. 2012) 
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The main types of interaction that gamma rays experience are photoelectric absorption, 
Compton scattering, and pair production. The mass attenuation coefficient reflects the 
probability of these interactions (Cherry et al. 2012): 
                   µm = σ + 𝜏 + Қ ………………….…………2-5 
where 𝜏 is the component of the mass attenuation coefficient caused by the 
photoelectric process, σ is the component caused by Compton scattering and Қ is the 
component caused by pair production. The relative importance of these three principal 
interactions over a wide range of energy of incident photon and atomic number of the 
attenuating material is shown in Figure 2-2. 
Figure 2-2: The major processes for the interaction of γ-rays with matter (Knoll 
2010) 
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2.3.1 Photoelectric absorption 
The photoelectric effect is an absorption process that occurs when the energy of a 
photon (E) is transferred to one of the orbital electrons. This electron is then ejected 
from the atom with a kinetic energy of 
1
2 
mv2 equal to the energy of the photon minus 
the binding energy (Eb) of the electron. 
                       E =
1
2
mv2 +Eb     …………….………….2-6 
In this process, the incident photon completely disappears, and an energetic 
photoelectron is ejected, normally from the K-shell or the L-shell (Figure 2-3). The 
photoelectron loses its kinetic energy by causing further ionisation and excitation as it 
passes through matter. The probability of this interaction increases as E decreases and 
as Z increases, provided that the energy of the photon is equal to or greater than the 
binding energy of the electron (Knoll 2010). 
The ejection of a photoelectron from the atom creates an ionised atom with a vacancy 
in an orbit. The vacancy is quickly filled by an electron falling from an outer orbit, 
leading to the emission of a characteristic x-ray. The x-ray photons may be absorbed 
by one of the outer shell electrons, which leads to the electron being ejected; this 
electron is called an Auger electron (Cherry et al. 2012). 
 
Figure 2-3: The mechanism of photoelectric absorption (Cherry et al. 2012)  
The mass attenuation coefficient 𝜏 is related to the probability of a photon suffering 
photoelectric absorption and depends on Z and E in a complicated manner: 
                           𝜏 ∝
𝑍3
𝐸3
…………….………….…..2-7 
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2.3.2 Compton scattering 
Compton scattering is a collision between a gamma photon and a loosely bound 
electron of the outer orbit of an atom. The photon gives part of its energy to the 
electron, which is considered as free, and the remaining energy is taken by a scattered 
photon (Figure 2-4) (Knoll 2010). The recoil electron produces further ionisation as it 
travels through matter. The amount of energy transferred to the electron ranges from 
zero to a large fraction of the photon energy, depending on the angle of scattering (θ) 
with respect to the direction of the incident photon. Maximum energy transfers to the 
electron at θ =180°, when the photon is scattered backwards, and the electron moves 
in the same direction as the incident photon. Least energy is transferred at θ =0, when 
the scattered photon moves in the same direction as the incident photon, just grazing 
the electron. 
Compton scattering is the most likely interaction at intermediate gamma ray energy 
(0.5-1 MeV) and low atomic number materials such as living tissues (Cherry et al. 
2012). 
 
Figure 2-4: The Compton scattering process (Cherry et al. 2012) 
The mass attenuation coefficient σ is related to the probability of Compton scattering 
and is associated with E and the ratio of Z to the mass number (A) (Knoll 2010): 
                   σ ∝  
𝑍
𝐴
 
1
𝐸
 ………………..………....2-8 
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2.3.3 Pair production 
Pair production occurs when a high-energy gamma photon interacts with the Coulomb 
field of the nucleus of an atom. If the energy of the gamma ray photon exceeds twice 
the electron rest mass (1.022 MeV), it may be converted to a positron-electron pair 
(Figure 2-5) (Cherry et al. 2012). 
 
Figure 2-5: The mechanism of pair production (Cherry et al. 2012) 
The electron and the positron dissipate their kinetic energy by causing ionisation and 
excitation of the atoms of the material. When the energy of the positron is reduced to 
near thermal energies, it must inevitably meet an electron and the two particles are 
annihilated, releasing two 0.511 MeV annihilation photons. The annihilation gamma 
photons travel in opposite directions to each other and they may, in turn, interact in the 
absorbing medium by either photoelectric absorption or Compton scattering (Lilley 
2013). 
The mass attenuation coefficient Қ is related to the probability of pair production and 
depends on E and Z as follows: 
                       Қ ∝ (𝐸 −2me c2) Z…………………….2-9 
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2.4 Radiation dose 
‘Radiation dose’ is the general term used for a quantity of ionising radiation, while 
absorbed dose is the energy absorbed per unit mass of a material, such as soft tissue. 
It is measured in gray (Gy), which is equal to one joule per kilogram (J kg-1). The 
damage to living tissue also depends on the type of ionising radiation. Alpha particles, 
for example, are densely ionising; they have twenty times more effect than other 
ionising radiations (Watson et al. 2005). Therefore, the absorbed dose is weighted 
according to its potential damage to biological tissues, and this quantity is called 
equivalent dose.  
The equivalent dose is defined as the absorbed dose multiplied by a radiation 
weighting factor. This factor is 20 for alpha particles, but 1 for beta particles, gamma 
rays and x-rays, which allows for the different effectiveness of the various ionising 
radiations in causing radiation damage to living tissue (Watson et al. 2005). Equivalent 
dose is measured in sievert (Sv). However, the tissues and organs of a human are not 
equally sensitive to radiation damage; for example, the bone marrow is particularly 
susceptible to damage whereas the skin is relatively insensitive. Therefore, effective 
dose is defined as a quantity that is the sum of the weighted equivalent doses in all the 
tissues and organs of the body. It takes account of the susceptibility of organs and 
tissues to radiation damage through a tissue weighting factor, and is also measured in 
Sv. 
2.5 Biological effect of ionising radiation 
The biological effects of ionising radiation have been known for many years. The first 
case of human injury was reported after Roentgen’s discovery of x-rays in 1895, while 
the genetic effects of radiation were reported in the literature at the beginning of 1902. 
Early evidence of harmful biological effects due to exposure to high radiation dose 
was obtained for persons working in the radium industry in the 1920s and 1930s (UW 
Environmental and Health 2006). Knowledge of these effects has increased through 
the atomic bombings of Hiroshima and Nagasaki in 1945, U.S. nuclear testing in 1952-
1953 and nuclear accidents, such as the Goiania accident and the Chernobyl and the 
Fukushima Daiichi disasters.  
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Ionising radiation in the environment either occurs naturally or can be produced 
artificially through human activity, and in both cases the biological effects are the same 
(Elgazzar and Alenezi 2015). The biological effects can be classified based on the 
timing after exposure (stochastic and deterministic) and the persons affected (genetic 
and somatic) (Figure 2-6) (Elsaid et al. 2001). 
Stochastic effects are random and unpredictable effects that happen after chronic 
exposure to a low radiation dose, and they include genetic effects and cancer. The 
probability of these effects depends on the dose, but a threshold does not exist. The 
International Commission on Radiological Protection (ICRP) has set limits for annual 
radiation dose at 20 mSv for workers and 1 mSv for members of the public to prevent 
stochastic effects (Watson 2005). Radiation-induced cancer, teratogenesis, cognitive 
decline and heart disease are all examples of stochastic effects. 
Deterministic effects are non-random and have a predictable response to radiation. The 
severity of the effect and tissue damage increase with increasing dose, and there is a 
dose threshold below which the effect does not occur. To prevent a particular 
deterministic effect, skin reddening (erythema), the ICRP has set limits for the annual 
radiation dose at 500 mSv for workers and 50 mSv for members of the public (ICRP 
2003). Radiation-induced burns, acute and chronic radiation syndrome and thyroiditis 
are all examples of deterministic effects. 
 
Figure 2-6: The various biological effects of ionising radiations (Elsaid et al. 
2001) 
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Radiation effects can also classified according to the subjects exposed. Somatic effects 
of radiation appear in the exposed person, either immediately after the exposure (e.g. 
skin damage), or a long time after exposure (e.g. damage to the reproductive system). 
On the other hand, genetic effects produce damage to the reproductive cells and may 
be transmitted to next generations (Figure 2-7) (Alaei 2008). 
 
Figure 2-7: Somatic and genetic effects of ionising radiation (Alaei 2008) 
The biological effect of ionising radiation is a result of energy transfer to cells and the 
production of ionisation and excitation in their constituent atoms. The effect can be 
acute, e.g. following the exposure of a subject to a high radiation dose, greater than 
100 mGy, within a short period of time (a few days). This causes severe damage to 
skin and internal organs. The severity of the damage depends on the dose. 
Alternatively, the effect can be chronic, such as occurs when a relatively small 
radiation dose is delivered over a long period (several years). The latter is characteristic 
of occupational exposure, for which the biological effects may appear after a period of 
many years (Grupen 2010). The interaction of ionising radiation with cells may affect 
the chromosomes, which are considered the most critical parts of the cell as they carry 
the DNA. Potential damage to the chromosomes can cause cell mutations leading to 
genetic effects and the development of cancer (Hall and Giaccia 2006). The various 
stages of the physical and biological effects of radiation are shown in Figure 2-8. 
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Figure 2-8: Stages of the physical-biological effects of absorbed radiation 
(Grupen 2010) 
2.6 Mechanism of radiation effects 
Ionising radiation produces biological effects through two major mechanisms: direct 
and indirect (Figure 2-9) (Elsaid et al. 2001). The direct effects are the result of direct 
hits of ionising radiation on cellular target atoms or molecules, such as enzymatic and 
structural proteins. The principal target is DNA, in which ionising radiation produces 
single or double strand chromosomal breaks, while RNA is also a vulnerable target. 
For indirect effects, ionising radiation exerts its influence through the radiolysis of 
cellular water, producing free radicals. The free radicals interact with cells, producing 
chemical modifications and consequently harmful effects. 
When ionising radiation interacts with water, two types of free radicals are produced. 
            H2O → H° (hydrogen) + OH° (hydroxyl)…..........……….2-10 
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Additional free radicals are formed when there is access to oxygen during the 
irradiation. 
             H° + O2 → HO2° (hydroperoxyl free radical)…….……2-11 
             HO2° + HO2° → H2O2° (hydrogen peroxide) + O2.........2-12 
About two thirds of the biological damage due to low linear energy transfer (LET) 
radiation comes from indirect effects while biological damage due to high LET 
radiation is by direct ionising effects. 
 
Figure 2-9: The mechanisms of ionising radiation effects on biological tissues 
(Elsaid et al. 2001) 
2.7 Detection of radiation 
All methods for the detection of charged particles or electromagnetic radiation depend 
on the interaction of such radiation with matter, and the transfer of energy to the atoms 
of the matter by ionisation or excitation. Radioactivity measurement systems consist 
essentially of a radiation detector to convert radiation energy into electrical energy, 
and electronic circuits to determine the intensity of this radiation (Mann et al. 2012). 
Most of the radiation detectors employed in nuclear medicine work in pulse mode, in 
which pulses of electrical charge are counted to determine the number and energy of 
the gamma photons detected (Cherry et al. 2012). 
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A wide range of detectors exist for the measurement and quantification of ionising 
radiation (L΄Annunziata 2012). The selection of a radiation detector depends on the 
measurement requirements and the complexity and cost of each detector type. The 
design and shielding of a radiation detector affects its sensitivity to different ionising 
sources, including alpha, beta and gamma radiation emitters (Tsoulfanidis 1981). 
There are three common types of radiation detector: gas-filled detectors, scintillation 
detectors and semiconductor detectors. At present, the most efficient and economical 
detector for gamma radiation is the sodium iodide NaI(Tl) scintillation detector. 
2.8 Scintillation detectors 
The detection of radiation by the phenomenon of scintillation is considered to be one 
of the oldest methods on record in nuclear medicine. It was started by Rutherford and 
his collaborators when they used this technique for detecting alpha particles in their 
famous experiment. Although the basic principles remain nearly the same, the 
techniques have changed greatly. Coltman and Marshall in 1947 used a 
photomultiplier instead of the naked eye and later, Kallmann replaced the small and 
thin crystals of ZnS by naphthalene (Knoll 2010). 
Generally, scintillation detectors consist of a detector (scintillation crystal and 
photomultiplier tube), power supply, preamplifier, amplifier and pulse analyser 
(Figure 2-10). A photomultiplier tube (PMT) is an essential element in the scintillation 
detector, and is composed of a photocathode, dynodes, and an anode (Reguigui 2006). 
The main function of the PMT is to convert the light signal to an electrical one and to 
amplify the latter by a factor of ˃106. 
Gamma rays interact with the scintillator through one of the following processes: the 
photoelectric effect and the Compton effect (in which electrons are released), and pair 
production (in which electron and positron are released). When a gamma photon 
interacts with the scintillator, a flash of light is produced and the number of light 
photons is proportional to the energy absorbed in the scintillator. The light strikes the 
photocathode of the PMT and releases photoelectrons, which are multiplied and 
accelerated through the dynodes. The output of the PMT is a voltage pulse, which has 
an amplitude proportional to the number of electrons collected at the anode and hence  
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to the energy absorbed in the scintillator. These pulses are processed and sorted 
according to their heights, and displayed by a multichannel analyser (MCA) in the 
form of a spectrum (Spieler 2005). 
 
 
 
 
 
 
 
Figure 2-10: Block diagram of basic scintillation detector components 
(Wikipedia 2018) 
Scintillation detectors have high efficiency for gamma ray detection and often 
sufficiently good energy resolution to separate the spectral contribution of multi-
energetic gamma ray sources. The most popular solid scintillator used for detecting 
gamma photons is a crystal of sodium iodide (Nal) doped with thallium (Tl) as an 
impurity. The thallium is very efficient in converting gamma photon energy to light. 
The crystal has excellent linearity and a high atomic number through its iodine 
component. This detector is a called a thallium-activated sodium iodide crystal or 
Nal(Tl) (Stabin 2008). 
2.9 Pulse height spectrum 
In gamma ray spectroscopy, when gamma photons interact with the detector, they 
deposit part or all of their energy in the material of the detector, producing a series of 
pulses. The MCA is the heart of the spectrometry system; it collects pulses of different 
voltages and allocates them into channels according to their height (energy) in the form 
of a spectrum (Knoll 2010). The amplitude of the photopeak (in the y-axis) is 
proportional to the activity of the source, and its position (in the x-axis) represents the 
energy. The distribution of pulse amplitudes ranges from nearly zero up to a maximum 
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amplitude corresponding to full energy deposition in the detector. Pulses of lower 
amplitude correspond to less than the full energy of the incident photon (Cherry et al. 
2012). Figure 2-11 illustrates the 137Cs spectrum recorded with a NaI(Tl) detector. The 
feature to the right of the spectrum is called the photopeak; it is due to gamma photons 
that undergo photoelectric absorption in the crystal and transfer all their energy. The 
part to the left is called the Compton continuum; it is due to gamma photons that 
undergo Compton scattering in the crystal and transfer part of their energy according 
to the scattering angle. The sharp edge in the spectrum is called the Compton edge. 
Another possibility is that a Compton scattered γ-ray may experience additional 
Compton scattering interactions in the detector; this produces the distribution of pulses 
with amplitudes in the “valley” between the Compton edge and the photopeak. 
 
Figure 2-11: Pulse-height spectrum recorded with an NaI(Tl) detector for 137Cs 
(Cherry et al. 2012) 
A scattering material that surrounds a radioactive source changes the distribution of 
the radiation energies that strike the detector. The general effect of object scatter is to 
increase the number of counts in the Compton region and decrease number of counts 
in the photopeak and hence change the shape of the pulse height spectrum. This is 
especially important in counting measurements in vivo because substantial scattering 
of radiation occurs within the subject. Figure 2-12 shows this effect on the 131I 
spectrum; the red curve shows the spectrum produced from the source in air, and the 
blue curve shows the spectrum produced by placing the source between 4 cm layers of  
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plastic. The spectra of low energy gamma photon emitters (e.g. 131I) acquired with 
NaI(Tl) detectors show overlapping of the Compton band region with the photopeak 
region due to the poor energy resolution of such detectors. This situation is less likely 
with the spectra of high photon energy emitters, such as 137Cs and 40K, because the 
energy resolution of NaI(Tl) detectors improves with increasing gamma photon 
energy.   
 
Figure 2-12: Effect of scattering material around the source on the pulse-height 
spectrum for 131I (Cherry et al. 2012) 
2.10 Energy calibration 
As mentioned above, the output of the MCA is a spectrum that contains pulses of 
different voltages that are allocated into channels according to their height (energy). 
In order to convert the channel number to energy, the MCA should be calibrated. 
In general, the relationship between energy deposited and channel number is 
represented by a straight line. Thus, the energy calibration equation is as follows: 
                     E = mx + C     ……………..……..……………… 2-13 
where E is the energy in keV, x is the channel number, m is the slope or linear energy 
scale (keV/channel) and C is the intercept of the straight line. This kind of calibration 
can be used to determine the energy of gamma rays from unknown sources once their 
pulse height distribution has been measured. 
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2.11 Counting window 
The energy window or counting window of a spectrum is the width of a region of 
interest in the spectrum. It represents the difference between the upper and the lower 
value of pulse heights (energy) that are accepted for counting. The energy window can 
be set automatically by the software of the counting system or manually by the 
operator. It is measured in keV or MeV. Typically, the energy window is set over a 
photopeak of a particular radionuclide(s) to determine the number of counts in this 
window. It is also possible to set a window for a Compton region or a combined 
Compton and photopeak region. 
An optimised counting window is required to obtain precise counting statistics and 
improve the limit of detection of the counting system. The optimal energy window 
should have a sensible width to avoid overlap of the Compton region with the 
photopeak or poor statistical precision due to low counts (as may be obtained with a 
narrow window). 
2.12 Count rate and background 
The counts detected by gamma ray spectroscopy represent gamma photons emitted by 
a radioactive source that strike the detector so that they deposit part or all of their 
energy in the material of the detector. The number of counts for a given source activity 
depends on the sensitivity of the detector, the counting geometry and the acquisition 
time. Count rate is the total number of recorded counts divided by the time of 
acquisition. In this research, the acquisition time is always the live time i.e. real time 
minus the dead time of the detection system. The total (gross) detected count rate is 
the sum of that from the radioactive source and the background. The background count 
rate is usually measured with no source present and is due to natural radiation and 
cosmic particles (as will be explained later). The net count rate is calculated by 
subtracting the background count rate from the gross count rate.   
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2.13 Activity calibration 
A counting system can, in principle, be calibrated for any radionuclide by using a 
known activity of the radionuclide and observing the increase in count rate with 
increase in activity. The net area under the photopeak is directly related to the activity, 
but it is necessary to correct for the efficiency of the detector and the half-life of the 
radioactive source. The detector efficiency is the ratio of the count rate observed by 
the detector to the emission rate of gamma photons from the source. However, the 
detector sensitivity is the count rate per unit activity.  
Normally, an activity calibration factor F is expressed in terms of count rate per unit 
activity and, for the human body, it is related to the shape, size and composition of the 
body (Hansen and Allen 1996). 
The procedures for the calibration of any counting system designed to measure 
radioactivity in humans should take into account variations in the response of the 
counter to the following: location and physical size of a radioactive source within the 
body, distribution of the source (whether it is a point source or extended source), and 
the different gamma ray energies of radionuclides (Barnaby and Jasani 1986). 
2.14 Minimum detectable count rate and minimum detectable 
activity 
The minimum detectable count rate is defined in relation to the background count rate, 
for which background counts (B) are detected in a selected counting window over a 
counting time t. 
           Minimum detectable count rate = 
3 √B
𝑡
 …………………….…2-14 
Here, √B is the estimated standard deviation of background counts (B) from Poisson 
statistics (Sumerling et al. 1985). 
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The theoretical minimum detectable activity (MDA) is given by the minimum 
detectable count rate divided by the detector sensitivity: 
           Theoretical MDA = 
3√𝐵
𝑡
𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
 ………………..2-15 
The detector sensitivity is the count-rate per unit activity (expressed as counts per 
second per becquerel). 
The MDA is considered as a basic figure of merit for nuclear counting systems, as it 
takes into account many system parameters, such as the background count-rate, 
efficiency, counting time and energy resolution. Because of these factors, the MDA 
may vary between counting systems, even when using the same or similar 
measurement procedures. The MDA can be reduced by increasing the counting time 
and lowering the background count rate. A lower MDA implies improved counting 
system performance (Sumerling et al. 1985). 
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3.1 Introduction 
Whole-body counters are sensitive pieces of equipment used to detect and measure 
minute amounts of natural or accidentally acquired radioactivity, and to determine the 
absorption and retention of radionuclides administered for diagnostic or therapeutic 
purposes. They are also employed for scientific purposes, such as estimating the body 
content of potassium. They have relatively high accuracy, which derives from having 
the detector at a rather large and uniform distance from the body, or from having 
multiple detectors closer to the subject in an effective and fixed geometric relationship 
with the body. 
The history of whole-body counting goes back to 1929 when the ﬁrst in vivo 
measurements were made on radium dial painters (Toohey et al. 1990). Since the 
development of scintillation detectors in the 1950s, whole-body counting has become 
a main method for detecting internal contamination for subjects (Palmer and Rieksts 
1984).  
The principal components of a WBC are the radiation detector, background shielding 
and spectrometry electronics. Scintillation or semiconductor detectors with full or 
partial shielding have been employed in whole body counters. The detector can be 
single or multiple and configured in stationary or moving mode, whereas the subject 
can be scanned in a standing, sitting or supine position.  
Whole body counters are useful in many studies of physiological activity in living 
humans and animals. They can show how much fat and lean there is in a subject's body, 
and can also provide clues to the relation of potassium deficiency to muscular 
dystrophy and other diseases, for example.  
Whole-body counters have the advantage of making direct measurements of the total 
body content of radioactivity, but they are generally limited to the study of nuclides 
that emit gamma radiation (Warner and Oliver 1966). 
Several significant issues should be taken into consideration when choosing the design 
of a whole-body counter: amount and kind of radioactivity to be measured, upper and 
lower range of radionuclide gamma photon energy, level of accuracy required, level 
and variability of local background radiation, data-handling techniques and cost 
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(Andrews et al. 1973). Whole body counters can be classified according to their design 
and mode of motion (IAEA 1996). 
3.1.1 Arc geometry 
In arc geometry, a single detector is used and the subject is placed on a curved shape-
forming arc of a circle centred at the detector, so that all parts of the body are roughly 
at an equal distance from it (Figure 3-1). The optimum response of the counter depends 
on the curvature radius (1-2 m) and it is possible to position the subject in both supine 
and prone postures. Scintillation detectors NaI(Tl) with large crystals are used for this 
technique (Evans 1937). However, the technique has poor efficiency even with a large 
detector and heavily shielded room, and is not applicable at low activity levels. It can 
be used in the investigation of established cases of internal contamination rather than 
as a regular means of control (IAEA 1996). 
 
Figure 3-1: Arc geometry whole body counter (EnviroReporter 2018) 
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3.1.2 Chair geometry 
In chair geometry, the subject reclines in a tilted chair and the detector is mounted at 
a particular distance (typically 0.4 m) above the abdomen (Figure 3-2). The 
configuration is composed of heavy shielding and one or more Nal(Tl) scintillator 
detectors (Wilson 1964; Hughes and Williams 1967) or plastic scintillation detectors 
(IAEA 1964; Burhinshaw 1967). Semiconductor detectors were employed later in this 
WBC design (Suomela 1983; Rahola et al. 1985). The response of the system depends 
on the location of the radioactive material with respect to the detector, the distance 
between the detector and the body and the efficiency for detecting activity with a high 
local concentration, such as in the lungs or liver. The potential systematic errors 
produced are much greater than those obtained with the arc technique, but these are 
not considered in many routine applications (IAEA 1996). 
 
Figure 3-2: Chair geometry whole body counter (Mayer 2010) 
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3.1.3 Scanning with a single detector 
In this technique, a single detector traverses along the subject at a fixed distance above 
or below the supine or erect body (Figure 3-3). Some counting systems employ body 
motion in relation to a fixed detector. The best overall response of the counter can be 
obtained by combining anterior and posterior measurements of the subject. Several 
types of scintillation detector can be employed in this technique. Normally a NaI(Tl) 
(Boddy et al. 1972; Mitra 1989) or a liquid scintillation detector (Coffman 1968; Flynn 
et al. 1989; Barbaby and Jasani 1968) is used. Recently, HPGe semiconductor 
detectors have been employed (Zhang et al. 2008; Singh et al. 2016). 
 
Figure 3-3: Scanning with a single detector (Singh et al. 2016) 
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3.1.4 Stationary arrays with multidetector geometries 
In this technique, several detectors are distributed around a subject lying in the supine 
posture. Commonly, configurations of 4-8 NaI(Tl) detectors are employed (Hawkins 
1976; Smith et al. 1994) but an arrangement of 54 detectors has been constructed 
(Cohn and Dombrowski 1970). These detectors are poisoned above and below the 
stretcher so that the sensitivity of the counter is derived from both anterior and 
posterior measurements and is independent on the source distribution (Figure 3-4). The 
technique requires a larger shielded room, additional amplifiers to process multiple 
output signals and multiplexing arrangements within the analogue to digital converter 
(IAEA 1996). 
 
Figure 3-4: Whole body counter with multi stationary detectors 
(EnviroReporter 2018) 
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3.1.5 Scanning with multi-detector geometries 
Scanning with a multi-detector arrangement is the technique that is employed in 
nuclear medicine. Two or more detectors are positioned above and below the supine 
subject. The detectors move along the body or the stretcher is driven relative to fixed 
detectors (Figure 3-5). NaI(Tl) scintillation detectors are commonly employed with 
scanning devices (Burkinshaw 1977; Smith et al. 1979; Kramer et al. 2002). These 
arrangements provide optimum uniform detection geometry compared to other 
configurations, but have less accuracy due to the effect of attenuation of gamma 
photons within the body. In addition, these arrangements need complex mechanical, 
electronic and processing facilities (IAEA 1996). 
 
Figure 3-5: Whole body counter with scanning mode (Global Strategic Center 
for Radiation Health Risk Control 2012) 
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3.2 Shielding 
The primary purpose of a whole-body radiation counter is to determine the total body 
content of gamma-emitting radionuclides. For low-level activity applications, such as 
body potassium determinations, it is essential to keep the background count-rate 
constant, i.e. it must be independent of atmospheric variations. About 75% or more of 
the typical background counts in the range 0.1 to 2 MeV are of terrestrial origin, and 
can change with general atmospheric alterations (Marinelli et al. 1962). Therefore, it 
is important to shield the detectors from background radiation to reduce the effect of 
cosmic rays and radioactive materials close to the counter (Burkinshaw 1977). Low-
level activity counters must be constructed with carefully selected materials. The 
requirements for primary shielding materials are a high atomic number and a high 
density (to produce high attenuation of gamma rays), absence of natural or artificial 
radionuclides and suitable mechanical properties for fabrication and assembly. In 
general, detectors should be placed in a special room with thick walls that have a low 
concentration of radioactive materials. Steel or lead of various thicknesses are the most 
common materials, with a further lining of copper or zinc to eliminate background in 
critical energy regions (IAEA 1964; Kaufmann 1970). 
There are three types of shielding construction for whole-body counters, depending on 
the background reduction required and the amount of activity in the subject (Andrews 
et al. 1973): 
1- Only detector shielded. In this type of shielding, the detector is shielded from both 
sides and back, and is placed several meters away from the subject, but its field of 
detection includes the whole body. This type of detector is used when the subject has 
received a high activity of a radiopharmaceutical. 
2- Shadow shield. In this type of shielding, the detector is positioned inside a larger 
enclosure that works on the shadow-shield principle. The detector is focused over the 
sensitive area of the subject and only a portion of the body is counted at one time. 
These systems are often called profile counters because the sensitive detected area is 
considerably smaller than the size of the patient. Counters working on the shadow-
shield principle are constructed of bricks or plates of lead, and sometimes of steel. 
These counters are mostly used for diagnostic studies, as useful quantitative 
information can be obtained. 
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3- Shielded room. In this type of whole-body counter shielding, the person being 
measured and the radiation detectors are completely enclosed inside a room, with walls 
made of heavy shielding materials. Often steel, lead and sometimes concrete are used 
to reduce the background to the lowest possible level, with the whole structure 
positioned in the lower levels of a building. Scintillation counters are usually used, and 
the subject may sit on a chair or lie on a couch, in stationary or scanning mode. These 
counters are used to assess the radioactivity of the whole body and/or specific organs 
or regions. 
3.3 Radiation phantom 
Phantoms are structures containing one or more tissue substitutes and are employed to 
simulate radiation interaction in the body. Primarily, phantoms have been used for 
experimental radiation dosimetry since the introduction of tissue substitutes at the 
beginning of last century. Initially, these phantoms used water and wax as muscle and 
soft-tissue substitutes (Kiebock 1906). Later on in 1937, Failla introduced wood-based 
phantoms for dosimetry, and they were popular for many years (Trout and Kelley 
1972). In the early 1960s, two elaborate adult phantoms containing a skeleton, body 
cavities and lungs were introduced by Stacey as Temex systems and by Alderson as 
Rando systems (Stacey et al. 1961; Alderson et al. 1962). 
From 1970 to the present date, further phantoms have been manufactured for other 
applications, such as radiodiagnosis and radiation protection. In 1978, Stanton 1978 
introduced imaging phantoms specifically for mammography, whereas the American 
Association of Physicists in Medicine introduced phantoms for computed tomography 
(AAPM 1977). 
Nowadays, with the introduction of new plastic materials, such as polyurethane and 
polyethylene, and resin-based tissue substitutes, such as epoxy resins, a wider range of 
phantoms can be manufactured for different medical purposes (Hermann et al. 1985). 
In addition to physical phantoms, computational models of phantoms were introduced 
in the 1960s. They used simple mathematical equations to simulate the main body parts 
and organs of the adult subject (Fisher and Snyder 1967) and of children (Cristy 1980). 
Developments to these models have been introduced by using images from MRI or CT 
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to provide three-dimensional representations of body sections and organs for adults 
and children (Williams et al. 1987). 
Phantoms may be categorised according to their functions as dosimetric, imaging or 
calibration. Dosimetric phantoms are used for the calculation of absorbed dose in a 
particular geometry, at a depth within the phantom or at an external point to it. On the 
other hand, imaging phantoms are used for image quality assessment, and they may 
have particular organs with attenuation properties similar to those of the human body. 
Calibration phantoms are employed to determine a radiation detector’s sensitivity to a 
particular radionuclide and to correct quantitative data obtained from digital images. 
Calibration phantoms, like other types of phantoms, can be physical or computational. 
Physical body phantoms have a range of complexity; they vary from a set of cylindrical 
and elliptical polythene containers that mimic the shape and size of the head, trunk, 
arms and leg, to phantoms containing a skeleton and organs filled with radioactive 
sources (ICRU 1992). BOMAB (BOttle Mannikin ABsorption) phantoms are 
considered the most common anthropomorphic phantoms that are used for the 
calibration of whole body counters. They are composed of ten high-density 
polyethylene cylindrical and ellipsoid compartments, which may be filled with water 
or other liquid-based tissue-like substances. The whole phantom represents the thorax 
and abdomen, head and neck, and arms and legs for adults and children (Figure 3-6). 
Sometimes BOMAB phantoms are called Bush phantoms because the dimensions and 
cross sections of these phantoms were originally given by Bush (1946) as a 
mathematical model for determining energy absorption in radium therapy. BOMAB 
phantoms are used primarily for the calibration of whole body counters with 
homogeneously distributed radioactive materials that emit mid to high-energy photons 
(ICRU 1992; Kramer et al. 1991).  
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Figure 3-6: BOMAB phantom (Zhang et al. 2008) 
There are a several problems in determining activity in the human body using 
phantoms for whole body counter calibration. It is difficult to obtain a range of 
phantoms that accurately represent all possible subject sizes. They are a somewhat 
simplistic representation of the human body in that they lack any sort of internal 
structure. In addition, there is a risk of the phantom leaking and potentially 
contaminating the whole body counter (Kinase 1999). 
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3.4 Experimental phantom configurations  
As a mentioned above, the calibration of whole body counters by anthropomorphic 
phantoms has some difficulties, but the major one is that the phantoms are available 
only in limited sizes. The Department of Medical Physics and Clinical Engineering at 
the University Hospital of Wales, Cardiff, has three complete sets of Bush phantom 
(each of 169.50 cm height), which are used for the calibration of the Cardiff whole 
body counter. The dimensions and the masses of the compartments for a standard Bush 
phantom are summarised in Table 3-1.  
The availability of these sets provided an opportunity to construct five configurations 
having a range of nominal heights with 10 cm intervals. These configurations were 
adopted to cover a wide range of height and weight of adult subjects, based on the data 
of Frisancho (1990) for healthy people. The phantom configurations were used in this 
study to calibrate the Cardiff WBC for 40K, 137Cs and 131I for total body content (Table 
3-2). Another configuration of 160 cm height was constructed and used for the 
calibration of 131I neck content only. This was because the phantom configuration with 
a height of 160 cm that was used for calibration of total body content had no neck 
compartment.   
Table 3-1:  Shape, weight and dimensions of Cardiff Bush phantom 
compartments 
Compartment Shape 
Compartment 
mass-empty 
(g) 
Cross Section    
(width x length) 
(cm) 
Height 
(cm) 
Head Elliptical 625 14x19 19 
Neck Circular 275 12.5 dim* 11 
Thorax Elliptical 2125 20x29.5 39.50 
Abdomen Elliptical 1700 20.5x36 19 
Right Arm Circular 925 10 dim* 59.50 
Left Arm Circular 875 10 dim* 59.50 
Right Thigh Circular 1125 15.3 dim* 40 
Left Thigh Circular 1150 15.3 dim* 40 
Right Leg Circular 900 12.3 dim 41 
Left Leg Circular 900 12.3 dim* 41 
Sum  10600  169.50 
              dim*: diameter 
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Table 3-2: The five Bush phantom configurations and their actual and nominal 
heights 
 Phantom configurations Construction  
Actual 
height 
(cm) 
Nominal 
height 
(cm) 
1 
Standard phantom - 
abdomen comp. 
This configuration is composed 
of a standard phantom without 
the abdomen compartment 
150.50 150.00 
2 
Standard phantom - neck 
comp. 
This configuration is composed 
of a standard phantom without 
the neck compartment 
158.50 160.00 
3 Standard phantom 
This configuration is a standard 
Bush phantom  
169.50 170.00 
4 
Standard phantom + 2 
neck comp. 
This configuration is composed 
of a standard phantom with one 
neck compartment in each leg as 
extensions 
180.50 180.00 
5 
Standard phantom + 
abdomen comp. 
This configuration is composed 
of a standard phantom with an 
abdomen compartment as an 
extension  
188.50 190.00 
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3.5 Cardiff Whole Body Counter 
The Cardiff whole body counter was incorporated into the planning and construction 
of the University Hospital of Wales in the 1960s. It was refurbished in the 1990s due 
to a fire that affected the electronics. The Cardiff whole body counter is composed of 
two main parts: a shielded room and a detection system (Figure 3-7). It is designed to 
measure radioactivity in all parts of the intact organism with equal sensitivity. The 
activities measured are small, within the range 370 Bq to 370 kBq, and gamma 
energies are in the range of 50 keV to 2 MeV (Williams et al. 1976). These activities 
may be due to the naturally occurring radionuclide 40K, radiopharmaceuticals 
administrated to a patient for diagnostic purposes, or radionuclides ingested as a result 
of an incident or accident that released radioactive materials into the environment.  
 
Figure 3-7: Geometric scheme showing the shielded room and the detectors 
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3.5.1 Shielded room 
The Cardiff whole body counter is based on a shielded room in the Medical Physics 
and Clinical Engineering Department on the ground floor of the University Hospital 
of Wales building. The room was built by Nuclear Enterprises Ltd. Edinburgh with 
internal dimensions of 213 cm (length), 152 cm (width) and 182 cm (height). At one 
end, it has two manually operated doors, which can be closed by a staggered overlap 
(Figure 3-8). For the walls, 15 cm thick steel plates, taken from the salvaged battleship 
HMS Vanguard, were used. This steel does not contain any radioactive fallout 
contamination, as it was made before the atmospheric testing of atomic and nuclear 
weapons, and before the use of the radionuclide 60Co in the steel manufacturing 
industry. In addition to the steel, aged lead of 0.3 cm thickness was used to cover all 
the internal surfaces of the room. This thickness of the lead significantly reduces the 
room’s background count rate at energies below 0.6 MeV. Moreover, the whole body 
counter rests on a 5 cm thick steel support raft, which increases the effective thickness 
of the steel for the base to 20 cm. The room is provided with an air ventilation unit, 
which changes the room air approximately twelve times an hour. This ventilation 
prevents the possibility of a build-up of radon and radon daughters within the room, 
which would cause variations in the background count rate. 
 
Figure 3-8: Doors of Cardiff WBC shielded room 
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3.5.2 Detection system 
The detection system of the Cardiff whole body counter is composed of scintillation 
detectors and electronic modules. 
3.5.2.1 Scintillation detectors 
The Cardiff whole body counter uses six uncollimated NaI(TI) scintillation detectors. 
Each detector is 10.2 cm in diameter and 15.2 cm thick, and is connected optically to 
a 10.2 cm diameter photomultiplier tube, which is supplied by a stabilised high voltage 
power supply (800 V). The detectors are attached to a movable support gantry, 
constructed by J. & P. Engineering Co. Ltd. This gantry is based on a vertical steel 
ring with an internal diameter of 91 cm (Figure 3-9). The ring is mounted on horizontal 
steel shafts by means of linear bearings, and the shafts are fixed at each end of the 
room. The ring can be moved along the whole length of a subject by means of a lead 
screw, which is driven by a variable speed stepping motor supplied at 600 
pulses/revolution. One turn of the lead screw moves the ring 3 mm. The motor works 
through a power amplifier by means of a digital control system. It is fed by a 0-6 kHz 
variable frequency oscillator, providing scan speeds from 0.125 cm/s to 2.5 cm/s with 
a total scan length of 159 cm. A full scan consists of the forward and backward motion 
of the gantry along the bed, stopping at the end of the room for 6 seconds. 
 
Figure 3-9: The scintillation detectors 
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3.5.2.2 Electronic modules 
Each detector is connected to its own high voltage supply, and each photomultiplier 
output connected through a switch to a separate amplifier module (Canberra 814A). 
There are two separate amplifiers: a charge-sensitive pre-amplifier and a linear 
amplifier with a maximum gain of 600 and an integral discriminator. The output of a 
scintillation detector is in the form of charge pulses, and they are transmitted to the 
amplifier module which provides a near Gaussian bipolar output pulse. In addition, the 
amplifier provides a xl to xl6 coarse gain range in binary steps through a five-position 
rotary switch. A fine gain potentiometer alters the coarse gain by using continuously 
variable factors from 1 to 3 (Figure 3-10). The integral discriminator provides a 
stabilized amplitude output pulse of 8 V whenever the amplifier output exceeds the 
discriminator threshold level, which can be set within a range of 50 mV to 10 V The 
linear amplifier output is provided separately.  
The MCA is supplied by an analogue multiplexer (AMX) module (Canberra 8224), 
which allows up to eight analogue input signals through to a single analogue to digital 
converter (ADC), and helps with handling large numbers of low count rate input 
signals with one ADC. 
The amplifier’s signal output and the discriminator current pulse output are fed into 
the signal input of a mixer-rejecter module. This module detects any chance 
coincidence pulses from the detectors and blocks the ADC from analysing them, hence 
preventing any pulse pile-up events being analysed.  
The coincidence voltage pulse outputs of the amplifier are fed separately to a router 
module, which allows the six detectors to be acquired separately, in pairs, or summed 
together within different channel groups of the memory. Figure 3-11 shows the 
components of the electronic scheme of the Cardiff whole body counter. In normal 
operation, spectra from the six detectors are summed as a single spectrum and 
displayed on a monitor. The Cardiff whole body counter is operated with Canberra 
Genie 2000 MCA software. 
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Figure 3-10: Cardiff whole body counter electronic console 
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Figure 3-11: Electronic components of the Cardiff whole body counter 
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3.5.3 Counter support equipment 
The counting system is provided with additional equipment to support the patient and 
the operator. 
3.5.3.1 Patient bed 
The bed is made of an aluminium stretcher with a thin foam mattress. It is fitted with 
four wheels so that it can be transferred from a support trolley onto guide rails inside 
the WBC (Figure 3-12). 
 
Figure 3-12: The patient bed and support trolley 
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3.5.3.2 Audio-Video system 
During measurement, the subject is monitored by a closed-circuit television system 
and can communicate with the operator through a two-way audio intercom. Music 
from a CD/DVD player can be played to the subject to relieve stress and anxiety 
(Figure 3-13). 
 
Figure 3-13: The Audio-Video system 
3.5.4 Operational system checks and settings 
The Cardiff whole body counter is operated in pulse mode and so regular checking of 
the multi-channel analyser (MCA) system is required to compensate for any variations. 
On the MCA, 512 channels for pulse height spectra and a 0-2 MeV energy range are 
employed. The overall gain of each detector is checked and adjusted daily to ensure 
that the 0.662 MeV 137Cs photopeak is in the correct channel (169). The gain variation 
due to drift of the high voltage is not more than one channel and so high voltage 
adjustments are not required. Minor shifting in the 137Cs photopeak position can occur 
over a period of several days. This shifting is due to slight variations in the room 
temperature, and can be compensated for by conducting a daily energy calibration. 
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3.5.5 Clinical applications of Cardiff whole body counter 
Since its construction, the Cardiff whole body counter has been used for clinical and 
scientific purposes. For clinical applications, the counter is used for haematological 
investigations, such as blood loss, vitamin B-12 absorption and iron absorption. The 
rate of blood loss is quantitatively measured by calculating the activity of 
administrated 59Fe over a period of time. This method is used to assess diseases such 
as menorrhagia and duodenal ulcers. Vitamin B-12 absorption is measured by 
administrating 57Co and 58Co labelled vitamin B-12 to a patient, while iron absorption 
is measured using 59Fe citrate (Bell et al. 1965). Both vitamin B-12 absorption and iron 
absorption are useful in the diagnosis of anaemias. The counter is also used to measure 
the absorption of bile acid, malabsorption of which results in persistent watery 
diarrhoea. This investigation is achieved by the administration of the 
radiopharmaceutical 75SeHCAT. Currently, the counter is used for the clinical 
measurement of bile salt absorption only, whereas iron absorption measurements are 
continued just for research applications. Unfortunately, iron loss and vitamin B-12 
absorption have been discontinued due to the unobtainability of the required 
radiopharmaceuticals.  
In addition to the clinical applications, the counter is available for scientific research 
applications, such as measurement of total body potassium and measurement of total 
body content of radioactivity in case of an accident or contamination. In addition to 
these in vivo investigations, it is also possible to assay large size samples in vitro. 
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4.1 Introduction 
A whole-body counter is equipment that measures radioactivity in the entire body of a 
subject, and it is usually described in terms of shielding, detector materials and 
electronics. A whole-body counter based on NaI(Tl) scintillation detectors is a 
practical counter when the field of view includes the entire body, and the activity to be 
measured provides acceptable counting statistics within a sensible counting time 
(McCormick and Wahner 1975). High accuracy counting systems use multiple 
detector arrangements, usually enclosed in a shielded room. Differences in the 
characteristics of whole-body counters result in differences in their performance. The 
performance of whole-body counters can be expressed in terms of many parameters, 
such as minimum detectable activity, energy resolution and detection efficiency.  
In this chapter, the performance of the Cardiff whole body counter is described in 
terms of several characteristics. These include energy calibration, optimum counting 
window, energy resolution, scan speed, background count rate, and finally, detection 
efficiency (as will be explained in Chapter 8). 
4.2 Energy calibration 
Energy calibration is used to derive a linear relationship between the amount of energy 
transferred to the detector E (keV) and the MCA channel number x. The calibration 
equation can be expressed as follows: 
                        E = m x + c…………………………….4-1 
where m is the gradient (keV/channel) and c is the intercept of the straight line.   
Energy calibration is normally performed before measurement, and it allows the 
gamma-ray spectrum to be interpreted in terms of energy rather than channel number 
or voltage (pulse height).  
The electronic modules of a whole body counter are not absolutely stable under all 
conditions due to temperature variations, and hence a slight drift of m and c values 
occurs with time. Therefore, frequent energy calibration is required. 
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4.2.1 Method 
Standard energy calibration sources of 137Cs (662 keV), 133Ba (356 keV) and 60Co 
(1173 and 1332 keV) were placed on a shelf in the centre of the vertical ring holding 
the detectors, which were in a stationary mode, and a spectrum was acquired for 200 
seconds. On the MCA, an energy range of 0-2 MeV and 512 channels were used for 
the pulse height spectrum. Prior to energy calibration, any small gain shifts of the 
Nal(Tl) system were corrected using the 137Cs source and by adjusting the fine gain of 
the amplifiers. This was done by moving the centroid of the 662 keV photopeak to the 
correct MCA channel (169) for each of the six detectors in turn. 
4.2.2 Results 
The relationship between energy and MCA channel number is essentially linear and a 
typical graph for the Nal(Tl) system with four points and a best-fit straight line drawn 
through the points is shown in Figure 4-1. This line can be used to determine the energy 
of photons that are responsible for an unknown peak in the spectrum.  
 
Figure 4-1: Energy calibration for the Cardiff whole body counter using four 
radionuclides sources of known gamma energy 
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4.3 Optimum counting Window 
A gamma-ray spectrum contains much useful information about gamma-ray 
intensities, and this comes from the areas under the full-energy-peak and their 
associated uncertainties. The maximum detector sensitivity is obtained by either a 
large crystal size or the optimum counting window or both (Cherry et al. 2012). 
The optimum counting windows of the Cardiff whole body counter for 40K, 137Cs and 
131I were determined using various methods to improve the limit of detection of the 
counting system. The criteria for determination of the optimum window were a high 
source count rate with a low background count rate.  
4.3.1 Method 
The three sources, namely 40K, 137Cs, and 131I, were placed consecutively on a shelf at 
the centre of the whole body counter detector ring. The gross count of each source was 
measured separately with stationary detectors over 1 h for 137Cs and 131I, and 5 h for 
40K. The acquisition time (live time) was chosen in order to reduce the fractional error 
to 1% or less by obtaining at least 10,000 counts in the central channel of the 
photopeak. The background count rate (without source) was determined for 6 h, and 
the net count rate was calculated by subtracting the gross count rate from the 
background count rate. 
The procedures for the various methods of determining the optimum energy window 
were as follows: 
1. The FWHM (full width at half maximum, Γ) of a photopeak is the width of the 
peak (in keV or channel) when the count is half its maximum value. The central 
channel (centroid) of the photopeak was identified, as it contains the largest 
number of counts. The channels on both sides of the photopeak that had a count 
nearest to half the number of counts in the central channel were identified 
(Figure 4-2). The intersection of the long vertical lines on both sides of the 
peak with the energy scale represented the energy window width (Prekeges J. 
2010). 
2. Twice full width at half-maximum, 2(FWHM), was calculated by multiplying 
the FWHM energy window width by two (2Γ). The resultant channel window 
was placed symmetrically with respect to the photopeak, and the interval on 
the energy scale was set as the counting window width. 
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3. FWTM (full width at tenth maximum) is another way of determining the 
optimum counting window. The process of calculating FWTM is analogous to 
that of FWHM, but the width of the counting window was taken at one tenth 
of the peak maximum count (Figure 4-2). 
4. Maximising counted events in relation to background, or the figure of merit 
(FOM), is a technique used to improve the limit of detection and thereby obtain 
the optimum counting window. The increase in the net count rate (S) with 
channel number was determined by successively adding two symmetric 
channels on both sides of the photopeak to its maximum width. The FOM was 
calculated by taking the square of the net count rate divided by background 
count rate (S2/BCR) (L΄Annunziata 2012). 
5. Asymptote was another method that was adopted to determine the optimum 
energy window. Starting with a narrow window centred on the centroid channel 
of the photopeak, the net counts y increase as the window width x is increased. 
The value of Y may expected to approach a maximum (the total number of 
counts in the photopeak) asymptotically as follows:  
                         Y= a * (1-exp-bx)…………………………………4-2 
where a and b are constants. As x approaches infinity, y approaches a. 
The solver function of Microsoft Excel was used to obtain a and b, and a 
window widths that gave 90% and 95% of the asymptote value (a) were 
investigated. 
 
Figure 4-2: Calculation of FWHM and FWTM 
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4.3.2 Results 
The counting window widths in terms of channel and energy (keV) for 40K, 137Cs and 
131I calculated by the various methods, are shown in Tables 4-1, 4-3 and 4-5 
respectively. Tables 4-2, 4-4 and 4-6 show the gross and net source count rates and the 
background count rate corresponding to the set of counting windows. Figures 4-3 (a, 
b and c) show the variation of net count rate with counting window width for 40K, 137Cs 
and 131I assessed by the asymptote method, and Figures 4-3 (d, e and f) show the 
variation of S2/BCR with counting window for the three radionuclides, assessed by the 
FOM method. 
Table 4-1: The width of the energy window in terms of channel and energy 
(keV) for 40K using six methods 
 Left Right Width 
Type 
Channel 
No. 
Energy 
keV 
Channel 
No. 
Energy 
keV 
Channels 
Energy 
keV 
FWHM 347 1392.4 373 1499.3 26 106.9 
FOM 345 1384.1 374 1503.4 30 119.3 
2(FWHM) 335 1343.0 387 1556.9 52 213.9 
Asymptote (90%) 334 1338.9 386 1552.8 52 213.9 
FWTM 327 1310.1 391 1556.9 64 263.2 
Asymptote (95%) 326 1306.0 394 1585.7 68 279.7 
Table 4-2: Gross, background and net count rate for the counting windows of 
40K using six different methods 
 Gross Background Net 
Type Count 
Count 
rate (cps) 
Count 
Count 
rate (cps) 
Count 
rate (cps) 
FWHM 250869 13.963 21355 0.990 12.973 
FOM 266642 14.841 23524 1.090 13.750 
2(FWHM) 333739 18.576 38084 1.766 16.810 
Asymptote (90%) 335425 18.670 38614 1.790 16.879 
FWTM 353803 19.693 46098 2.138 17.556 
Asymptote (95%) 358290 19.942 48286 2.239 17.703 
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Table 4-3: The width of the energy window in terms of channel and energy 
(keV) for 137Cs using six methods 
 Left Right Width 
Type 
Channel 
No. 
Energy 
keV 
Channel 
No. 
Energy 
keV 
Channel 
Energy 
keV 
FWHM 161 627.3 177 693.2 16 65.9 
FOM 160 623.2 178 697.3 19 74.1 
Asymptote (90%) 154 598.6 183 717.8 29 119.2 
FWTM 153 594.4 184 721.9 31 127.5 
2(FWHM) 152 590.3 184 721.9 32 131.6 
Asymptote (95%) 149 578.0 191 750.7 42 172.7 
Table 4-4: Gross, background and net count rate for the counting windows of 
137Cs using six different methods 
 Gross Background Net 
Type Count 
Count rate 
(cps) 
Count  
Count 
rate (cps) 
Count 
rate (cps) 
FWHM 6902584 1952.088 38231 1.773 1950.315 
FOM 7323495 2071.124 43061 1.997 2069.127 
Asymptote (90%) 8598446 2388.457 71545 3.312 2385.144 
FWTM 8711631 2463.697 76922 3.568 2460.129 
2(FWHM) 8804330 2489.912 82285 3.816 2486.096 
Asymptote (95%) 9044654 2557.878 104047 4.826 2553.052 
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Table 4-5: The width of the energy window in terms of channel and energy 
(keV) for 131I using six methods 
 Left Right Width 
Type 
Channel 
No. 
Energy 
keV 
Channel 
No. 
Energy 
keV 
channel 
Energy 
keV 
FWHM 90 335.5 101 380.5 11 45.5 
FOM 90 335.0 102 384.6 12 49.6 
Asymptote (90%) 87 322.6 105 397.0 18 74.4 
2(FWHM) 84 310.2 106 401.2 22 91.0 
FWTM 82 302.0 106 401.2 24 99.2 
Asymptote (95%) 83 306.1 109 413.6 26 107.5 
 
Table 4-6: Gross, background and net count rate for the counting windows of 
131I using six different methods 
 Gross Background Net 
Type Count 
Count 
rate (cps) 
Count  
Count 
rate (cps) 
Count 
rate (cps) 
FWHM 5606885 1559.634 65822 3.052 1556.582 
FOM 5842106 1645.200 70460 3.267 1641.933 
Asymptote (90%) 6774008 1907.634 103598 4.804 1902.830 
2(FWTM) 7093513 1997.610 128190 5.945 1991.665 
FWTM 7216733 2032.310 142938 6.629 2025.682 
Asymptote (95%) 7241760 2039.360 148516 6.887 2032.471 
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Figure 4-3: Variation of net count rate with window width for the asymptote 
method (a, b and c) and S2/BCR for the FOM method (d, e, and f) for 40K, 137Cs 
and 131I respectively  
 
 
(a) 
(d) 
(b) (e) 
(c) (f) 
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4.3.3 Discussion 
The need for an optimised counting window and precise counting statistics, has 
resulted in a wide range of methods being used to improve the limit of detection of the 
counting system. There are several advantages of optimising counting windows; these 
include achieving good precision, accuracy and sensitivity with the lowest amount of 
effort and time (L΄Annunziata, 2012). 
The optimum counting windows for 40K, 137Cs, and 131I were determined using various 
methods. A high source count rate and a low background count rate were the criteria 
for choosing the optimum window.  
The results for the three radionuclides showed that the 2FWHM method provided good 
counting statistics through an acceptable counting window width compared with the 
other methods. The width of the region (2Γ) integrated about 98% of the events 
counted in the photopeak (Gedcke 2009). This method had a high net source count rate 
with a low background count rate (Tables 4-2, 4-4 and 4-6). Moreover, this method 
avoided any errors produced by overlap of the Compton region with photopeak. The 
energy windows of the three radionuclides determined by the FWHM and FOM 
methods would give relatively low total counts, which integrated about 76% of the 
total number of the detected counts (ORTEC 1985), while those measured by the 
FWTM and asymptote 95% methods intersect with Compton region in the low energy 
tail of the photopeak. 
In this work, the 2FWHM method was adopted as a counting window for spectra in all 
the measurements that were made. 
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4.4 Energy resolution 
An important aspect of gamma ray spectrometry is the ability of the system to 
distinguish between two gamma rays with a slight difference in energy. This feature is 
characterised by the energy resolution R, which is defined as a ratio of the full width 
at half maximum (FWHM) of the photo peak to the gamma photon energy 𝐸. 
              R =  
𝐹𝑊𝐻𝑀
𝐸
 x 100%……………………….4-3 
FWHM is the width of the distribution at a level corresponding to half-maximum of 
the peak value and is used as a measure of peak broadening. The energy resolution is 
thus a dimensionless quantity and is expressed as a percentage (Cherry et al. 2012). It 
is obvious that the smaller the energy resolution, the better is the ability of the detector 
to distinguish between two photopeaks that are close in energy. Scintillation detectors 
used for measuring gamma rays normally have energy resolution in the range of 5-10 
percent. For a scintillation detector, the spectral broadening is caused primarily by 
random statistical variations in the events leading to the formation of the output signal 
(Knoll 2010). 
4.4.1 Method 
The energy resolution of Cardiff whole body counter was determined for the three 
radionuclides 40K, 137Cs, and 131I. It was measured using the FWHM value, as 
determined in section 4.3.1 for setting the counting window. 
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4.4.2 Result 
The FWHM and energy resolution values for 40K, 137Cs, and 131I are shown in Table 
4-7. 
Table 4-7: Energy resolution for the three relevant radionuclides using the 
Cardiff whole body counter 
Radionuclide 
FWHM 
(keV) 
Energy 
(keV) 
Resolution % 
40K 106.9 1460 7.32 
137Cs 65.9 661 9.97 
131I 45.5 364 12.50 
4.4.3 Discussion 
The energy resolution of scintillation detectors used in gamma ray spectroscopy 
normally falls in the range of 5-10 percent (Knoll 2010). The resolution may be 
expected to be worse for a number of combined detectors, due to broadening of the 
photopeak as a result of gain mismatch. In this study, the energy resolution of the 
Cardiff whole body counter, which is composed of six Nal(Tl) detectors, was about 
10% for the 137Cs photopeak and this value concurs with the British Standard for 
scintillation detector-based instruments (British Standards Institution 2006). 
The potential sources of variation which degrade energy resolution include drift of the 
operating features of the counting system during the course of measurements, random 
noise within the counting system, and statistical noise produced by the discrete nature 
of the measured signal itself. Statistical noise represents the most important source of 
fluctuation in the signal and sets a limit on the detector performance (Knoll 2010). 
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4.5 Scan Speed 
The detected count rate per unit activity should be stable under different scan speeds 
for the optimum functioning of a scanning counting system. The sensitivity and the 
accuracy of the WBC could be affected by errors arising from systematic count rate 
variations due to changes in the scan speed. This investigation was applied to the 
Cardiff whole body counter to check whether or not the count rate for a given activity 
is stable with variations in scan speed. 
4.5.1 Method 
The stability of the count rate with variation in scan speed was determined using a 
137Cs source. The maximum distance that the detectors move through the WBC room 
is 144 cm. This distance was divided into five positions: the front (0 cm), 1st quarter 
(36 cm), centre (72 cm), 3rd quarter (108 cm) and the end (144 cm). The source was 
placed on a shelf in these positions consecutively. The gross count of the source was 
calculated in scanning mode at five different scan speeds of 0.15, 0.2, 0.5, 0.7, and 1.0 
cm/s. The background count was measured at a scan speed of 0.5 cm/s. The net count 
rate was calculated by subtracting the gross count rate from the background count rate. 
The standard deviation (SD) of the net count rate at each source position and scan 
speed was estimated from counting statistics. The measurements were made with a 
2(FWHM) photopeak energy window (section 4.3.2). The experiment was repeated 
with a 60Co source at the centre position only. The energy window for 60Co was 1068.1-
1416-0 keV; it was chosen visually and it contained the two photopeaks at 1173 and 
1332 keV.  
Linear regression analysis was used to investigate the relationship between net count 
rate and scan speed at each source position. In addition, for each scan speed, the mean 
net count rate was calculated over the five source positions. The SD of the mean net 
count rate were calculated from the individual values of SD using the rule for the 
propagation of error.  
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4.5.2 Results 
The values of the net count rate for different scan speeds and positions are shown in 
Table 4-8. Linear regression of the mean net count rate for the five source positions 
versus scan speed for 137Cs is shown in Figure 4-4. Linear regression analyses of 137Cs 
net count rate versus scan speed at the five individual positions are shown in Figure 4-
5. 
The 60Co net count rate values and linear regression versus scan speed at the centre of 
the WBC are shown in Table 4-9 and Figure 4-6 respectively. 
 
Figure 4-4: Linear regression of the net count rate (mean±2SD) for a 
combination of the five source positions versus scan speed 
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Figure 4-5: Linear regressions of net count rate versus scan speed for 137Cs at 
the five different source positions: a = front, b = 1st quarter, c = centre, d = 3rd 
quarter and e = end 
(a) (b) 
(c) 
(d) 
(e) 
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Figure 4-6: Linear regression of net count rate versus scan speed for 60Co at the 
centre position of the WBC chamber 
Table 4-9: Net count rate and standard deviation for 60Co at the centre of the 
WBC and different scan speeds 
Scan speed 
cm/s 
Live time 
(s) 
Net count 
rate (cps) 
SD 
0.15 1916 25.545 0.144 
0.2 1438 25.450 0.160 
0.5 580 25.159 0.234 
0.7 416 25.039 0.272 
1 294 24.821 0.318 
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4.5.3 Discussion 
The net count rate varied with scan speed, and the nature of the variation depended on 
the source position. It decreased significantly (p<0.05) with increasing scan speed 
when the source was towards the centre of the WBC chamber (1st quarter, centre, and 
3rd quarter) as shown in Figures 4-5 (b, c, and d). On the other hand, it increased 
significantly (p<0.01) with scan speed at the ends of the WBC chamber as shown in 
Figures 4-5 (a and e). 
The mean net count rate increased significantly (p<0.05) with increasing scan speed 
for the combination of all five WBC positions as shown in Figure 4-4. The regression 
equation could be used to give the change in net count rate according to the scan speed 
used. This result showed that there was no agreement with the hypothesis that the 
detected count rate is constant at all scan speeds. As a consequence, a fixed scan speed 
of 0.3 cm/s was used in this research.  
A cobalt-60 source in the central position was chosen to confirm the validity of the 
137Cs results. For 60Co in the centre position, the count rate decreased linearly with 
scan speed, similar to the count rate for 137Cs (Figure 4-5 c for 137Cs and Figure 4-6 
for 60Co). The correlations for both of them were strongly significant (p<0.01), 
confirming that the variation in the net count rate depends on the position of the source. 
As the detectors spend relatively more time at the ends than in the central position, the 
variation in the count rate with scan speed may be due to acceleration and deceleration 
by the motor system. The rate of increase in count rate at the ends was greater than 
rate of the decrease in the centre, which meant that the mean net count rate increased 
as the scan speed increased. 
The WBC scanning motor did not work properly with a scan speed of 0.1 cm/s, as the 
motor system needed a higher torque on the lead screw at the start to be able to 
overcome inertia. This was due to the mass of the vertical ring, the detector mounts 
and the detectors themselves. 
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4.6 Background 
One important potential source of error in whole-body counting measurements is 
background radiation. Its magnitude ultimately determines the minimum detectable 
activity, a basic FOM for a nuclear counting system. Nearly all radiation detectors 
produce some background signal, the variability of which depends on the size and type 
of the detector and the extent of the shielding around it. The sources of background 
radiation inside the counter can be grouped into the following categories (Knoll 2010): 
 natural radioactivity in the construction materials of the detector itself 
 natural radioactivity in the auxiliary apparatus, supports and shielding 
materials set around the detector 
 radiation emitted from the ground, the walls and other structures of the room 
 radioactivity in the ambient air around the detector 
 the primary and secondary elements of cosmic radiation 
The background radiation inside the Cardiff whole body counter was studied in terms 
of its stability and how it is influenced by body mass. Figure (4-7) shows the 
background spectrum acquired for 1 hour. 
 
 
Figure 4-7: Typical background gamma ray spectrum of Cardiff whole body 
counter 
E (keV) 
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o
u
n
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4.6.1 Background stability 
The stability (consistency) of the background count rate was determined at different 
detector positions. In addition, the measurements were also made with and without the 
patient bed to check the effect of the bed on the background count rate.  
4.6.1.1 Methods 
The background count-rate was measured with the detectors stationary and without a 
radionuclide source present. The measurements were made at five different positions 
along the central axis of the detector ring. The positions were as follows: the front of 
the room (0 cm), 1st quarter (36 cm), centre (72 cm), 3rd quarter (108 cm), and the end 
of the room (144 cm). These measurements were made with 40K, 137Cs and 131I energy 
windows set at 2FWHM of the photopeak (section 4.3) with a live time of one hour. 
Six measurements of background count rate were made at each position, with and 
without the patient bed, over a 2-month period, and the mean and the standard 
deviation (SD) were calculated. Comparisons were made using a t-test between each 
two successive positions and also with and without the bed. 
4.6.1.2 Results and discussion  
The background count rate of the whole body counter chamber at energy windows 
corresponding to 40K, 137Cs and 131I for a 2-month period are shown in Table 4-10. 
 
 
 
 
 
  
 
Chapter 4:                                                                     Performance of the Cardiff whole body counter 
 
 
70 
  
 
 
E
W
B
 
3
Q
W
B
 
C
W
B
 
1
Q
W
B
 
F
W
B
 
E
N
B
 
3
Q
N
B
 
C
N
B
 
1
Q
N
B
 
F
N
B
 
D
etecto
r 
p
o
sitio
n
 
 
1
.8
2
4
 
1
.9
9
3
 
2
.1
0
0
 
2
.0
9
4
 
2
.0
6
2
 
1
.5
6
1
 
1
.6
9
4
 
1
.7
5
9
 
1
.7
4
8
 
1
.7
1
9
 
M
in
im
u
m
 
co
u
n
t/sec 
4
0K
 
1
.8
8
4
 
2
.0
5
8
 
2
.1
6
0
 
2
.1
4
9
 
2
.1
2
9
 
1
.6
3
8
 
1
.7
4
9
 
1
.8
0
5
 
1
.8
0
2
 
1
.8
0
9
 
M
ax
im
u
m
 
C
o
u
n
t/sec 
1
.8
5
1
 
2
.0
3
6
 
2
.1
3
0
 
2
.1
2
2
 
2
.0
9
8
 
1
.5
9
9
 
1
.7
2
3
 
1
.7
8
3
 
1
.7
8
1
 
1
.7
5
6
 
M
ean
 
C
o
u
n
t/sec 
0
.0
2
4
4
 
0
.0
2
2
9
 
0
.0
2
0
4
 
0
.0
1
8
6
 
0
.0
2
9
4
 
0
.0
2
7
9
 
0
.0
2
0
8
 
0
.0
1
9
0
 
0
.0
1
8
9
 
0
.0
2
9
4
 
S
D
 
3
.3
7
4
 
3
.6
2
0
 
3
.7
6
8
 
3
.7
3
1
 
3
.7
6
0
 
3
.3
7
0
 
3
.5
5
4
 
3
.6
3
5
 
3
.6
4
7
 
3
.6
6
6
 
M
in
im
u
m
 
C
o
u
n
t/sec 
1
3
7C
s 
3
.4
8
3
 
3
.6
8
7
 
3
.9
0
7
 
3
.5
8
2
 
3
.7
9
4
 
3
.4
2
6
 
3
.6
2
3
 
3
.7
2
1
 
3
.7
4
5
 
3
.7
7
0
 
M
ax
im
u
m
 
C
o
u
n
t/sec 
3
.4
2
6
 
3
.6
4
6
 
3
.8
2
7
 
3
.7
6
2
 
3
.7
7
3
 
3
.3
9
2
 
3
.5
8
7
 
3
.6
7
4
 
3
.6
9
3
 
3
.7
1
2
 
M
ean
 
C
o
u
n
t/sec 
0
.0
0
3
7
 
0
.0
0
2
5
 
0
.0
0
4
6
 
0
.0
0
4
6
 
0
.0
0
1
2
 
0
.0
0
2
0
 
0
.0
0
2
2
 
0
.0
0
3
1
 
0
.0
0
3
9
 
0
.0
0
3
6
 
S
D
 
5
.5
0
8
 
5
.7
9
7
 
6
.0
5
0
 
5
.9
9
4
 
6
.0
0
8
 
5
.1
9
1
 
5
.7
1
2
 
5
.8
7
6
 
5
.8
5
6
 
5
.8
8
6
 
M
in
im
u
m
 
C
o
u
n
t/sec 
1
3
1I 
5
.6
4
8
 
5
.9
7
1
 
6
.2
0
6
 
6
.0
9
1
 
6
.1
2
0
 
5
.5
2
2
 
5
.8
4
8
 
5
.9
7
9
 
5
.9
8
3
 
6
.0
3
8
 
M
ax
im
u
m
 
C
o
u
n
t/sec 
5
.5
7
5
 
5
.8
9
3
 
6
.1
5
1
 
6
.0
4
8
 
6
.0
6
7
 
5
.4
5
7
 
5
.7
7
2
 
5
.9
4
7
 
5
.9
2
1
 
5
.9
4
9
 
M
ean
 
C
o
u
n
t/sec 
0
.0
4
9
6
 
0
.0
7
5
6
 
0
.0
5
4
0
 
0
.0
3
5
5
 
0
.0
3
7
1
 
0
.0
4
7
6
 
0
.0
5
0
9
 
0
.0
3
8
3
 
0
.0
4
9
9
 
0
.0
5
3
3
 
S
D
 
F
: fro
n
t, 1
Q
: first q
u
arter, C
: cen
tre, 3
Q
: th
ird
 q
u
arter, E
: en
d
 o
f th
e d
o
o
r, W
B
: w
ith
 b
ed
, N
B
: n
o
 b
ed
. 
T
a
b
le 4
-1
0
: V
a
ria
tio
n
 in
 b
a
ck
g
ro
u
n
d
 co
u
n
t-ra
te fo
r th
e th
ree relev
a
n
t en
erg
y
 w
in
d
o
w
s 
 
Chapter 4:                                                                     Performance of the Cardiff whole body counter 
 
 
71 
  
The results for the three radionuclides showed that the background count rate at the 
centre of the shielded room, with and without the patient bed, was greater than that at 
the other positions (Table 4-11). At each position, it was greater with the bed than 
without the bed (Table 4-12). 
The differences in the background count rate were statistically significant (P<0.01) 
between the centre and the end of the room for all three radionuclides (Table 4-11), 
while the differences between the front and the centre of the room were not significant.  
The strong differences indicate that there was better shielding against external 
radiation at the closed end while the higher background count rate at the front was 
probably due to the penetration of radiation through doors and through the door hinges. 
Table 4-11: The significance of differences in the background count-rate for the three 
energy windows at the five different detector positions with and without the bed 
Difference of 
Position 
40K           
p-value 
137Cs        
p-value 
 131I          
p-value 
FNB-1QNB 0.106 0.398 0.373 
1QNB-CNB 0.869 0.375 0.339 
CNB-3QNB <0.001 <0.001 <0.001 
3QNB-ENB <0.001 <0.001 <0.001 
FWB-1QWB 0.118 0.580 0.383 
1QWB-CWB 0.468 0.036 <0.005 
CWB-3QWB <0.001 <0.001 <0.001 
3QWB-EWB <0.001 <0.001 <0.001 
F: front, 1Q: 1st quarter, C: centre, 3Q: 3rd quarter, E: end of the door, WB: with bed, 
NB: no bed 
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In general, the background count rate for the 131I counting window was greater than 
that at the 137Cs and 40K counting windows, at all positions in the chamber (Figure 4-
8), and this is clear in the background spectrum (Figure 4-7). Furthermore, the 
background count rate was greater with the patient bed than without it for the three 
energy windows (Figure 4-9). The difference in the background count rate was 
statistically significant for the three energy windows, except at the end position of the 
shielded room for the 137Cs energy window (Table 4-12).  
The ratio of count rate with the bed to the count rate without the bed was greater for 
the 40K window than for the 137Cs and 131 I windows. This may due to the existence of 
40K in the construction materials of the detectors (such as Pyrex glass) and the patient 
bed. Therefore, it is recommended to measure a room background count rate with the 
bed before doing a subject measurement and then to subtract it from the subject count 
rate. 
 
Figure 4-8: Background count rate versus detector position inside WBC without 
bed for the counting windows of the three radionuclides 
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Figure 4-9: Background count rate versus detector position inside WBC with 
and without the bed for a = 40K, b = 137Cs, and c = 131I counting windows 
(b) 
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Table 4-12: The significance of differences in background count rate for the 
three energy windows with and without the bed at the five different  
detector positions  
Difference of 
Position 
137Cs       
p-value 
40K      
p-value 
    131I    
p-value 
FNB-FWB 0.008 <0.001 <0.005 
1QNB-1QWB 0.019 <0.001 <0.001 
CNB-CWB <0.001 <0.001 <0.001 
3QNB-3QWN <0.005 <0.001 0.009 
ENB-EWB 0.076 <0.001 <0.005 
F: front, 1Q: first quarter, C: centre, 3Q: third quarter, E: end of the door, WB: with 
bed, NB: no bed 
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4.6.2 Effect of body mass on background  
Net count rate measurements require a background reading to be subtracted from the 
subject or phantom gross count rate readings. Background measurements are made 
with the chamber empty, but these measurements are influenced by the absorption of 
background radiation by the body. Fewer background photons reach the detectors with 
a subject in position compared with the number without the subject (Hansen and Allen 
1996). This phenomenon was evaluated to estimate the subject background correction, 
for which a phantom was substituted for the subject. 
In this study, the effect of body mass on background radiation was investigated for the 
three photopeak energy windows of 40K, 137Cs and 131I, and for a series of 200 keV 
energy windows in the range 1-2000 keV (Appendix A). 
4.6.2.1 Methods 
The empty compartments of a Bush phantom were weighed to the nearest 5 g, using a 
platform balance (S-714473 Avery, England) (Table 1-1, section 3.4). The empty 
phantom was placed on the WBC bed in a supine position and a spectrum acquired. 
After that, the phantom was filled sequentially with water to five different percentages 
of the total phantom volume that is, 20, 40, 60, 80 and 100% of the full capacity. To 
increase the phantom mass further, plastic bags, each of 1 litre capacity, were filled 
with water and placed above the phantom to form four layers of 12 bags each (Figures 
4-10). Water volumes were measured using a 1 litre volumetric cylinder, and the final 
phantom mass was calculated from the mass of the empty phantom plus the water 
volume, assuming the density of the water to be 1.0 g/cm3. All the measurements were 
done at a scan speed of 0.3 cm/s (962 live time).  
Each phantom mass was scanned four times, although the phantom mass with four bag 
layers was scanned only three times due to a technical fault with the WBC. The mean 
and the standard deviation (SD) were calculated and linear regression was used for 
analysis of the results. The reduction in the background count rate was calculated by 
subtracting the empty bed count rate from that of the various phantom masses. This 
was done for the three radionuclide photopeak energy windows and for ten energy 
windows of width 200 keV in the range 1-2000 keV (Appendix A). 
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Figure 4-10: Bush phantom in supine position on the bed with and without 
layers of water bags (a = no bags, b = 1 layer, c = 2 layers, d = 3 layers and e = 4 
layers) 
 
(a) (b) 
(c)  (d) 
(e)  
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4.6.2.2 Results 
Linear regression analyses of the reduction in background count rate with phantom 
mass are shown in Figures 4-11, 4-12, and 4-13 for the three relevant radionuclides. 
Each point on the regression curve represents the average of four trials, while the error 
bars represent the standard error of the mean. The values of the mean of the four trials, 
the background reduction and their standard errors are summarised in Tables 4-15, 4-
17 and 4-19. The values of the different phantom masses (kg) according to the different 
water volumes and water bag layers are given in Table 4-21. 
 
Figure 4-11: Reduction in background count rate (mean ±S.E) versus total 
phantom mass for the 40K counting window 
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Figure 4-12: Reduction in background count rate (mean ±S.E) versus total 
phantom mass for the 137Cs counting window 
 
 
Figure 4-13: Reduction in background count rate (mean ±S.E) versus phantom 
total mass for the 131I counting window 
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Table 4-13: Gross background count rates for the 40K photopeak window 
Water mass 
Phantom 
mass 
(kg) 
Gross 
count 
Gross 
count rate 
(cps) 
BCR 
reduction 
S.E 
Empty bed 0 2019.25 2.099   
Empty Phantom 10.600 1968.25 2.046 0.0530 0.0236 
20% water 22.537 1947.50 2.024 0.0746 0.0259 
40% water 34.474 1975.25 2.053 0.0457 0.0283 
60% water 46.411 1921.25 1.997 0.1019 0.0254 
80% water 58.348 1904.00 1.979 0.1198 0.0179 
100% water 70.285 1862.25 1.936 0.1632 0.0378 
1 water bag layer  82.285 1866.75 1.940 0.1107 0.0259 
2 water bag layers  94.285 1827.75 1.900 0.1512 0.0271 
3 water bag layers  106.285 1821.75 1.894 0.1575 0.0215 
4 water bag layers  118.285 1871.67 1.946 0.1056 0.0201 
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Table 4-14: Gross background count rate for the 137Cs photopeak window 
Water mass 
Phantom 
mass 
(kg) 
Gross 
count 
Gross 
count rate 
(cps) 
BCR 
reduction 
S.E 
Empty bed 0 3566.25 3.707   
Empty Phantom 10.600 3485.50 3.623 0.0839 0.0325 
20% water 22.537 3525.50 3.665 0.0424 0.0541 
40% water 34.474 3462.25 3.599 0.1081 0.0300 
60% water 46.411 3480.25 3.618 0.0894 0.0322 
80% water 58.348 3467.75 3.605 0.1024 0.0444 
100% water 70.285 3441.00 3.577 0.1302 0.0378 
1 water bag layer  82.285 3455.50 3.592 0.1032 0.0430 
2 water bag layers  94.285 3468.00 3.605 0.0902 0.0226 
3 water bag layers  106.285 3428.75 3.564 0.1310 0.0357 
4 water bag layers  118.285 3440.67 3.577 0.1186 0.0218 
 
 
 
 
 
 
 
 
 
 
Chapter 4:                                                                     Performance of the Cardiff whole body counter 
 
 
81 
  
Table 4-15: Gross background count rate for the 131I photopeak window 
Water mass 
Phantom 
mass 
(kg) 
Gross 
count 
Gross 
count rate 
(cps) 
BCR 
reduction 
S.E 
Empty bed 0 5722.50 5.949   
Empty Phantom 10.600 5638.75 5.861 0.0871 0.0399 
20% water 22.537 5763.50 5.991 -0.0426 0.0257 
40% water 34.474 5822.25 6.052 -0.1037 0.0570 
60% water 46.411 5753.25 5.981 -0.0320 0.0361 
80% water 58.348 5714.00 5.940 0.0088 0.0563 
100% water 70.285 5639.25 5.862 0.0865 0.0323 
1 water bag layer  82.285 5799.50 6.029 -0.1575 0.0703 
2 water bag layers  94.285 5721.00 5.947 -0.0759 0.0725 
3 water bag layers  106.285 5680.50 5.905 -0.0338 0.0544 
4 water bag layers  118.285 5674.00 5.898 -0.0270 0.0657 
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Table 4-16: Total mass (kg) of the Bush phantom compartments 
Compartment 20% 40% 60% 80% 100% 1 layer 2 layers 3 layers 4 layers 
Head 0.686 1.372 2.058 2.744 3.430 3.430 4.430 4.430 4.430 
Neck 0.216 0.432 0.648 0.864 1.080 1.080 1.080 1.080 1.080 
Thorax 3.355 6.710 10.065 13.420 16.775 20.775 25.775 28.775 34.775 
Abdomen 1.912 3.824 5.736 7.648 9.560 11.560 13.560 15.560 17.560 
Right Arm 0.776 1.552 2.328 3.104 3.880 4.880 5.380 6.380 6.380 
Left Arm 0.776 1.552 2.328 3.104 3.880 4.880 5.380 6.380 6.380 
Right Thigh 1.253 2.506 3.759 5.012 6.265 7.265 8.265 10.265 12.265 
Left Thigh 1.253 2.506 3.759 5.012 6.265 7.265 8.265 10.265 12.265 
Right Leg 0.855 1.710 2.565 3.420 4.275 5.275 5.775 6.275 6.275 
Left Leg 0.855 1.710 2.565 3.420 4.275 5.275 5.775 6.275 6.275 
Sum 11.937 23.874 35.811 47.748 59.685 71.685 83.685 95.685 107.685 
Total phantom 
mass 
22.537 34.474 46.411 58.348 70.285 82.285 94.285 106.285 118.285 
 
 
4.6.2.3 Discussion 
Linear regression showed that the reduction in background count rate increased 
significantly (P=0.017) with phantom mass for the 40K counting window. For 137Cs, 
the regression also showed a significant association (P=0.045). However, the errors in 
the individual data points were large (Figure 4-12) and so this association might have 
occurred by chance. For 131I, there was no significant effect of phantom mass on the 
background count rate (P = 0.451). The significant count rate reduction for 40K and 
137Cs confirmed the fact that the body itself attenuates not only radiation from 
radioactive sources inside it, but also the background radiation that surrounds it.  The 
net reduction in background count rate may be underestimated if there is some 
radioactivity in the water. The best-fit line in each regression did not pass through the 
origin, showing that the empty phantom had an effect on the background. 
The background count rate for the 40K counting window decreased from 2.00 to 1.90 
counts/s (reduction of 4.87 %) when the body mass increased from 46 to 94 kg. 
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However, the effect was smaller for the 137Cs counting window with a decrease from 
3.62 to 3.60 counts/s (reduction of 0.35 %) over the same range of body mass. Since 
both are significant, the regression equations for 40K and 137Cs were applied to the 
activity calibration experiments for these radionuclides (see Chapters 5 and 6). 
However, no correction for background reduction was used for the 131I activity 
calibration (Chapter 7). 
The effect of body mass on the background count rate reduction has been reported as 
small but significant above 300 keV (Hawkins and Goode 1976). Many researchers 
have investigated this effect in 40K measurement with subjects or water-filled 
phantoms. However, no one has studied this effect on 131I or 137Cs counting windows. 
Hawkins and Goode (1976) measured background count rate reduction using a two-
detector (NaI)Tl system with water phantoms of mass ranging from 10 to 90 kg. They 
found that the background decreased from 4.17 to 3.58 counts/s (a 14% reduction) 
when the mass increased from 40 to 90 kg. They concluded that errors of up to 10% in 
the 40K calibration measurements could occur if this effect were not taken into account. 
Hansen and Allen (1996) used similar methodology and phantom masses in their 40K 
measurements. They found that the background decreased from 2.40 to 2.08 counts/s 
(a 13.2% reduction). Mitra et al (1989) found that the background decreased from 4.34 
to 4.05 counts/s (a 6.75 % reduction) when the mass increased from 44 to 90 kg in the 
40K measurements. However, Smith et al. (1979) found an error of 3% for the body 
weight range 43-84 kg using liquid scintillation counter, while Burhinshaw (1967) 
found a change of only 2% in the same body weight range using a plastic scintillator. 
It is clear that the results of this study for background in the 40K window were smaller 
than those in the literature. However, no study of the body mass effect on background 
in the 137Cs or 131I counting windows has been found and so no comparison has been 
possible.
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5.1 Introduction 
The purpose of this chapter is to describe experimental work for calibrating the Cardiff 
whole body counter for the measurement of 40K and total body potassium for scientific 
and clinical purposes. The determination of whole body potassium with an external 
counting technique is of great potential importance in medicine. The use of an 
anthropomorphic phantom is a well-established standard method of calibration. Other 
methods, such as chemical analysis of plasma or tissue samples, are tedious and time-
consuming; they are also inaccurate when the results are extrapolated to a measure of 
the total body potassium content and cell mass. 
5.2 Properties of 40K 
Potassium-40 is a naturally occurring radioactive isotope of potassium which has a 
very long half-life of 1.251×109 years. It comprises 0.012% of the total potassium 
found in nature and normally undergoes two types of disintegration. About 89.28% 
decays to stable calcium-40 with the emission of a beta particle and an antineutrino, at 
a maximum energy of 1.31 MeV, while about 10.72% decays to stable argon-40 (40Ar) 
by electron capture or the emission of a positron and a neutrino; this is accompanied 
by gamma  emission at 1.46 MeV (Figure 5-1). Therefore, potassium content can be 
calculated by measuring the count rate of the 1.46 MeV gamma rays emitted by 40K 
(Gohary et al. 2010). 
 
Figure 5-1: Potassium-40 decay scheme 
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Potassium has 24 known isotopes; three of them occur naturally, namely 39K, 40K and 
41K with proportions of 93.08%, 0.0118%, and 6.91% respectively. Of these, 40K is 
radioactive while 39K and 41K are stable. A typical 70 kg human body contains about 
140 g of potassium with a 40K activity of about 4,400 Bq. Potassium-40 enters the 
human body via water and food. An adult consumes about 2.5 g of potassium every 
day and excretes about the same amount, which contains about 80 Bq. Since potassium 
is found in intracellular fluid, about 98% of the potassium in the body exists within 
cells. Consequently, a large proportion of 40K disintegration takes place within body 
cells, thus potentially affecting the cellular DNA (Patwary et al. 2013). 
Humans require potassium to sustain biological processes; it is a vital element for body 
growth and for the maintenance of good health. Potassium is also necessary to maintain 
normal water transport between cells and body fluids, and it plays an essential role in 
the response of nerves to stimulation and in the contraction of muscles (Wang et al. 
2013). 
5.3 Whole body counter calibration for 40K 
Whole body counters are commonly used in body composition measurements for the 
assessment of total body potassium (TBK) (Ellis and Shypailo 1993). A TBK 
measurement is clinically used as an index of active tissue mass or lean-body mass 
(Naversten and Lenger 1983; Hansen and Allen 1996). Uncertainties in the absolute 
determination of TBK arise from internal errors due to body habitus and radiation 
absorption, or external errors due to counting statistics, instability of counter 
performance and background radiation. 
Normally, for most radionuclides, whole body counters are calibrated to measure a 
given activity. Although this can be done for 40K, in the case of this radionuclide the 
counters are usually calibrated to measure the mass of potassium. 
Whole body counter calibration methods for TBK commonly fall into three categories: 
anthropomorphic phantom, isotope dilution and Monte Carlo simulation (O’Hehir et 
al. 2006). 
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5.3.1 Anthropomorphic phantom 
A phantom containing a known amount of potassium 40K, often distributed to match 
the assumed potassium distribution within the human body, can be used for the 
calibration of the whole body counter. Different types of phantoms are employed for 
calibration depending on the their function, but the BOMAB phantom is the most 
popular and is widely used for this purpose (Kramer et al. 1991). The calibration can 
be performed using uniformly distributed or point sources of known activity (ICRU 
1992). The accuracy of this technique is highly dependent on the similarity between 
the calibration phantom and the human subject being measured in terms of anatomy, 
radiation attenuation characteristics and radionuclide distribution (Zhang et al. 2008). 
The phantoms that may be employed in the calibration of a whole body counter may 
range in complexity from a set of polythene containers roughly mimicking the shape 
and size of the human body to elaborate phantoms containing layers and organs, which 
can be filled individually with radioactive solutions. Different researchers have used 
different types of phantoms depending on the purpose of their calibration. For 
example, an anthropomorphic phantom of standard size has been employed in the 
calibration for TBK using the 42K administration technique (Boddy et al. 1972; 
Hawkins and Goode 1976; Burhinshaw 1967; Cohn et al. 1969; Cohn and 
Dombrowski 1970). Hansen and Allen (1996) used several different phantoms to 
calibrate a two-detector whole body counter for TBK with body size corrections. They 
used the REMCAL phantom as a calibration phantom, a phantom with a torso overlay 
system (to increase the volume), a 10-cell aluminium phantom for body shape 
correction and phantoms with a fixed torso and variable length for body height 
correction. Rogers et al. (2002) used ten different configurations of phantoms (plastic 
cuboidal containers) to calibrate their whole body counter. 
Although the anthropomorphic phantom technique is considered one of the main 
techniques used for calibration of whole body counter systems, it has some drawbacks. 
The phantom itself does not resemble human anatomy, since it contains no bones or 
internal organs. The technique requires various shapes and sizes but phantoms are 
available in limited sizes. In addition, the calibration procedures are time consuming. 
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5.3.2 Isotope dilution 
The isotope dilution technique is based on the measurement in human subjects of an 
artificial short-lived potassium isotope 42K. This isotope emits gamma radiation (1.52 
MeV) of nearly the same energy as 40K (1.46 MeV). Because both 42K and 40K are 
isotopes of the same element, their chemical behaviour is identical, and hence they 
will have a similar distribution in the body. Calibration measurement is made before 
and 24 h after the administration of a solution containing a known activity (about 37 
kBq) of 42K (Jasani and Edmonds 1971). The calibration factor is found to depend on 
many parameters such as weight, height, age and body density (as associated by 
skinfold thickness) (Burkinshaw 1967; Boddy et al. 1972; Hawkins and Goode 1976; 
Smith et al. 1979; Naversten and Lenger 1983). The regression equation of the 
calibration factor on weight can be used to estimate the factor for anyone whose weight 
is known.  
This technique is valid when photon absorption and scattering in the subject and the 
detector are identical for the two gamma photon energies. In practice, correction 
should be made for differences in the spectral pulse distribution due to the photon 
energy difference. The measurements are usually made using human subjects only, 
although sometimes an anthropomorphic phantom is used for body size correction. 
The precision and limitations of this technique were discussed by Miller and 
Remenchik (1963). The reported measurement accuracy of using 42K-derived 
regression equations ranged from 3 to 4 % CV. This technique has not been used for 
some decades, as it is considered time-consuming and requires a wide range of body 
habitus. In addition, a major drawback of this method is the effective dose (∼100 μSv) 
received by the subject due to 42K radiation. 
5.3.3 Monte Carlo simulation 
Monte Carlo simulation is a computational modelling technique designed to simulate 
counting geometries in virtual human phantoms, among many other possible 
applications. The feasibility of using the Monte Carlo method has been tested to 
calibrate a whole body counting system using BOMAB phantoms and equation-based 
models of the ORTEC, IGOR and JAERI block-shaped phantoms (Kramer et al. 2002; 
Kramer et al. 2005a; Kramer et al. 2005b ; de Carlan et al. 2005 ; Franck et al. 2007 ; 
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Kinase et al. 2007; Ishikawa and Uchiyama 1997). The result of Monte Carlo 
simulation is a relationship between phantom size and the counting efficiency of the 
whole body counter. This relationship is not always the best one for all cases since it 
depends on the design of the counter and the details of the phantoms. Monte Carlo 
models use two types of phantoms: simple phantom geometries in limited scenarios as 
mentioned above, and models of the human body built from tomographic images (CT, 
MRI, anatomical photographs) of real individuals (Zaidi and Xu 2007). Monte Carlo 
simulation has the disadvantage that it requires modelling software that is suited to the 
counting system being modelled, sufficiently powerful computers and training in the 
use of the software. The accuracy of this technique depends on the how well the model 
mimics the relevant physical properties of each individual human subject (Kinase 
1999). 
5.4 Calibration of the Cardiff WBC for 40K 
In this study, the Cardiff whole body counter was calibrated for 40K using an 
anthropomorphic phantom and two types of source: a uniformly distributed source and 
a point source. The reason for using two types of source was to check whether the 
sensitivity of the counter for a given total activity is effectively independent of the 
distribution of the radioactive material within the body. The calibration factor F was 
expressed as the count rate per gram of potassium and per unit activity of 40K. The 
effect of internal attenuation of the gamma radiation by the body was determined by 
calculating the ratio of count rate in the Compton band to that of the photopeak. This 
ratio was used as an alternative to phantom mass for determining the variation of F 
with size. 
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5.5 Calibration with uniformly distributed source 
In this experiment, a wide range of phantom height and mass was used for the 
calibration. These phantom configurations contained a known mass of potassium 
chloride dissolved in water and uniformly distributed throughout the phantom. For this 
and subsequent experiments, the phantom was placed centrally along the long axis of 
the bed and symmetrically in the transverse directions (Figure 4-10). 
5.5.1 Method 
The height (170 cm) of a standard Bush phantom was used as a reference height. This 
phantom contained 1 kg of potassium chloride (KCl) dry salt (524.218 g of K) 
(analytical reagent grade, Fisher Scientific Ltd, Leicester, UK) as a reference mass. A 
fraction of the KCl mass was assigned to each compartment in proportion to its volume 
(Table 5-1). The potassium chloride was dissolved in a volume of water that was 20% 
of the total volume of the phantom. The phantom mass was sequentially increased by 
adding water to the compartments to fill them to 40, 60, 80 and 100% capacity. The 
water volume in each compartment was measured using a volumetric cylinder. To 
increase the mass of the phantom further, three layers of water-filled plastic bags (each 
bag of 1 litre capacity) were placed consecutively above the phantom (Table 5-1). Four 
other phantom configurations representing heights of approximately 150, 160, 180, 
and 190 cm were constructed and used for calibration with the same procedure as was 
used for the standard height (Table 5-2). The additional compartments used for 
elongation of the phantoms contained the same mass of KCl and had the same number 
of bags on them as the corresponding compartments in the standard phantom.  
Figure 5-2 shows a 40K spectrum recorded with the Cardiff whole body counter; it was 
obtained with a Bush phantom of 170 cm height and full water capacity. This spectrum 
shows three counting windows: the 40K photopeak (P), a Compton band that includes 
the 137Cs photopeak (C1) and a Compton band that excludes the 137Cs photopeak (C2). 
The gross count rate was measured for each phantom four times at a scan speed 0.3 
cm/s (962s live time), while the background count rate was measured with the empty 
bed at the same scan speed and for the same number of trials. The background count 
rate was corrected for the mass of liquid in the phantom, as outlined in section 4.6.2, 
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and then subtracted from each phantom count rate to give a net count rate. The mean 
and the standard deviation (SD) for each set of measurements were calculated and 
expressed as a CV%. 
The relationship between phantom TBK (g) and the net count rate was adopted as the 
basis for estimation of subject TBK. The measurements were made with a 40K energy 
window that was calculated using the 2FWHM method. The calibration factor F (net 
count rate/g of K) was obtained by dividing the net count rate by the potassium mass 
used in the calibration.  
Linear and exponential functions were used to investigate the dependence of the 
calibration factor on various combinations of height and mass: mass (M), height (H), 
mass/height (M/H) and (M/H)1/2. The criteria for the best choice were high coefficient 
of determination (R2) and low standard error of estimate (S.E.E).  
 
Figure 5-2: Actual 40K spectrum recorded with the Cardiff whole body counter 
with a Bush phantom of 170 cm height and full water capacity 
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5.5.2 Results 
 
The mean values of the calibration factor with the various combinations of phantom 
mass and height are shown in Table 5-3. The variation of the calibration factor F with 
phantom mass for the various heights is shown in Figure 5-3 as a family of curves. The 
corresponding regression equations, R-squared values, standard error of estimate, and 
P values are shown in Table 5-4.  
The variation of the calibration factor with mass for the all the phantom heights 
combined is shown in Figure 5-4. The corresponding regression equations are shown 
in Table 5-5. In this case, the optimal values of R2 and S.E.E were obtained for the 
linear regression of F with phantom mass M.  
 
Figure 5-3: Variation of the 40K calibration factor with phantom mass for the 
five individual phantom heights 
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Table 5-4: Linear and logarithmic regressions of the 40K calibration factor with 
phantom mass for the five individual phantom heights 
Phantom 
height 
(cm) 
Function Regression equation R2 
S.E.E 
(cps/g of K) 
P value 
150 
Linear 
F = - 0.000158(M) + 0.0328 0.990 0.000418 <0.001 
F = -0.0280(M/H)1/2 + 0.0406 0.999 0.000129 <0.001 
Logarithmic F = -0.0078ln(M) + 0.0545 0.987 0.000485 <0.001 
160 
Linear 
F = - 0.000131(M) + 0.0316 0.992 0.000361 <0.001 
F = -0.0254(M/H)1/2 + 0.0389 0.998 0.000188 <0.001 
Logarithmic F = -0.00738ln(M) + 0.0527 0.981 0.000570 <0.001 
170 
Linear 
F = - 0.000126(M) + 0.0309 0.988 0.000440 <0.001 
F = -0.0254(M/H)1/2 + 0.0380 0.997 0.000205 <0.001 
Logarithmic F = -0.00710ln(M) + 0.0515 0.984 0.000511 <0.001 
180 
Linear 
F = - 0.000118(M) + 0.0304 0.974 0.000617 <0.001 
F = -0.0247(M/H)1/2 + 0.0372 0.990 0.000389 <0.001 
Logarithmic F = -0.00679ln(M) + 0.0503 0.982 0.000524 <0.001 
190 
Linear 
F = - 0.000118(M) + 0.0303 0.992 0.000388 <0.001 
F = -0.0265(M/H)1/2 + 0.0377 0.992 0.000379 <0.001 
Logarithmic F = -0.00738ln(M) + 0.0525 0.970 0.000759 <0.001 
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Figure 5-4: Variation of the 40K calibration factor with phantom mass for the 
phantom heights combined 
Table 5-5: Linear and logarithmic regressions of the 40K calibration factor with 
phantom mass for the phantom heights combined 
Regression equation R2 
S.E.E 
(cps/g of K) 
P value 
F = - 0.000128(M) + 0.0311 0.977 0.000573 <0.001 
   F = -0.00731ln(M) + 0.0525 0.976 0.000578 <0.001 
   F = - 0.0218(M/H) + 0.0312 0.942 0.000898 <0.001 
 F = - 0.00723ln(M/H) + 0.0151 0.933 0.000968 <0.001 
 F = - 0.0259(M/H)1/2 + 0.0384 0.949 0.000845 <0.001 
F = - 0.0145ln(M/H)1/2 + 0.0151 0.933 0.000968 <0.001 
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5.6 Calibration with point source 
In this experiment, the range of Bush phantom heights was the same as that used for 
the uniformly distributed source experiment, but the phantom mass was fixed (100% 
capacity) for each phantom height. The point sources were hung at the centre of the 
compartments of the phantom. 
5.6.1 Method 
A reference mass of 30 g of KCl dry salt (15.730 g of K) was used for the largest 
compartment of the phantom (thorax). This amount of KCl was placed in a 25 ml 
container, as a point source, and hung at the centre of the full water compartment. 
Fractions of this KCl mass were assigned to each compartment in proportion to its 
volume (Table 5-6). The phantom was placed on the bed, and scanned at a speed 0.3 
cm/s (962 s live time). Due to the low count rate obtained from the total activity of the 
KCl point sources in the phantom, the scan was repeated five times, and the detected 
count rates were summed to give one acquisition. The four other Bush phantom 
configurations of height 150, 160, 180 and 190 cm were also used for the calibration. 
The additional compartments used for elongation of the phantoms contained the same 
mass of KCl as corresponding compartments in the standard phantom. The other steps 
of measuring the gross count rate, measuring and correcting the background count rate 
for phantom mass, and calculating the net count rate and the calibration factor F were 
similar to those used in the uniformly distributed source technique.    
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Table 5-6: Mass of KCl point source in each compartment assigned according to 
each compartment capacity 
Compartment Water volume (l) KCl mass (g) 
Head 3.430 6.134 
Neck 1.080 1.931 
Thorax 16.775 30.000 
Abdomen 9.560 17.097 
Right arm 3.880 6.939 
Left arm 3.880 6.939 
Right thigh 6.265 11.206 
Left thigh 6.265 11.205 
Right leg 4.275 7.644 
Left leg 4.275 7.648 
Total 59.685 106.743 
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5.6.2 Results 
Linear regression of the calibration factor F with phantom mass for point and 
distributed sources of potassium are shown in Figures 5-5 and 5-6 respectively. The 
data correspond to phantoms of each height filled to 100% capacity only. The 
corresponding values are shown in Table 5-7. 
 
Figure 5-5: Variation of calibration factor F with phantom mass for point 
sources of 40K using five phantom heights filled to 100% capacity 
 
Figure 5-6: Variation of calibration factor F with phantom mass for distributed 
sources of 40K using five phantom heights filled to 100% capacity 
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Table 5-7: 40K Calibration factor F of the five phantom heights, for both 
distributed sources and point sources 
Phantom 
height 
(cm) 
Phantom 
mass  
(kg) 
Point sources Distributed sources 
Percent 
difference* 
% 
Net 
count 
rate (cps) 
K mass 
(g) 
F     
(cps/g of K) 
Net 
count 
rate (cps) 
K mass 
(g) 
F       
(cps/g of K) 
150 60.025 1.023 47.005 0.0218 10.082 440.252 0.0229 - 4.80 
160 69.930 1.130 54.957 0.0206 11.556 514.732 0.0225 - 8.44 
170 71.285 1.141 55.970 0.0204 11.558 527.218 0.0219 - 6.85 
180 73.995 1.151 57.995 0.0193 11.665 543.188 0.0215 - 10.23 
190 82.545 1.200 64.934 0.0185 12.693 608.182 0.0209 - 11.48 
* Percentage difference between the calibration factor for the point sources and the distributed sources 
5.7 Compton to photopeak count rate ratio 
In this study, the count rate in the Compton energy band was considered. The 
dependence on phantom mas of the ratio of the count rate in the Compton band to that 
in the photopeak (C/p) was determined for a uniformly distributed source of potassium 
only. 
5.7.1 Method  
Two Compton bands were considered: the first included the 137Cs photopeak (590-
1200 keV) and the other did not (832-1200 keV). The mean and the standard deviation 
(SD) for each set of four measurements of C/p were calculated and expressed as a 
CV%. The variation of C/p count rate ratio with phantom mass M was analysed by 
logarithmic regression. 
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5.7.2 Compton energy window including the 137Cs photopeak 
The mean values of the Compton to photopeak count rate ratio, with the 137Cs 
photopeak included in the Compton band, for the various combinations of phantom 
mass and height are shown in Table 5-8. The variation of the Compton to photopeak 
count rate ratio as a function of phantom mass is shown in Figure 5-7 for the five 
individual phantom heights. The corresponding variation for a combination of all 
phantom heights is shown in Figure 5-8. The regression equations, R-squared values, 
standard error of estimate and P values are shown in Table 5-9.  
 
Figure 5-7: Variation of 40K Compton to photopeak count rate ratio (including 
the 137Cs photopeak) with phantom mass (kg) for the five individual phantom 
heights 
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Figure 5-8: Variation of 40K Compton to photopeak count rate ratio (including 
the 137Cs photopeak) with phantom mass for the phantom heights combined 
Table 5-9: Logarithmic regressions of the 40K Compton to photopeak count rate 
ratio (including the 137Cs photopeak) with phantom mass for the individual and 
combined phantom heights  
Phantom 
height (cm) 
Regression equation R2 S.E.E P value 
150 C/p = 0.172ln(M) + 0.352 0.971 0.0159 <0.001 
160 C/p = 0.160ln(M) + 0.393 0.965 0.0171 <0.001 
170 C/p = 0.160ln(M) + 0.385 0.944 0.0220 <0.001 
180 C/p = 0.172ln(M) + 0.338 0.988 0.0228 <0.001 
190 C/p = 0.164ln(M) + 0.382 0.977 0.0141 <0.001 
Combined C/p = 0.165ln(M) + 0.374 0.955 0.0177 <0.001 
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5.7.3 Compton energy window without the 137Cs photopeak 
The mean values of the Compton to photopeak count rate ratio, with the 137Cs 
photopeak excluded from the Compton band, for the various combinations of phantom 
mass and height are shown in Table 5-10. The variation of the Compton to photopeak 
count rate ratio as a function of the phantom mass, is shown in Figure 5-9 for the five 
individual phantom heights. The corresponding variation for a combination of all 
phantom heights is shown in Figure 5-10. The regression equations, R-squared values, 
standard error of estimate, and P values are shown in Table 5-11.  
 
Figure 5-9: Variation of 40K Compton to photopeak count rate ratio (excluding 
the 137Cs photopeak) with phantom mass (kg) for the five individual phantom 
heights 
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Figure 5-10: Variation of the 40K Compton to photopeak count rate ratio 
(excluding the 137Cs photopeak) with phantom mass (kg) for the phantom 
heights combined 
Table 5-11: Logarithmic regressions of the 40K Compton to photopeak count 
rate ratio (excluding the 137Cs photopeak) with phantom mass for the individual 
and combined phantom heights  
Phantom 
height (cm) 
Regression equation R2 S.E.E P value 
150 C/p = 0.0837ln(M) + 0.296 0.963 0.00884 <0.001 
160 C/p = 0.0706ln(M) + 0.347 0.958 0.00826 <0.001 
170 C/p = 0.0719ln(M) + 0.338 0.973 0.00677 <0.001 
180 C/p = 0.0786ln(M) + 0.312 0.952 0.00994 <0.001 
190 C/p = 0.0699ln(M) + 0.348 0.981 0.00540 <0.001 
Combined C/p = 0.0744ln(M) + 0.330 0.958 0.00782 <0.001 
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5.8 Dependence of F on Compton to photopeak count rate ratio 
for 40K 
As shown earlier, both the calibration factor F and the Compton to photopeak count 
rate ratio were correlated with the body mass for all phantom heights. This suggests 
that the Compton to photopeak ratio may be used as an alternative index of subject 
size. Therefore, the association between the calibration factor F and the ratio was 
investigated as an alternative method for calculating total body potassium. This 
approach may be useful when the subject weight is not available. Two correlations of 
the calibration factor F versus the Compton to photopeak count rate ratio were 
determined: one with the 137Cs photopeak included in the Compton band, and the other 
excluded the 137Cs photopeak. The results were analysed by linear and logarithmic 
regressions. 
The variation of the 40K calibration factor with the Compton to photopeak count rate 
ratio for individual phantom heights, with and without the 137Cs photopeak, is shown 
in Figures 5-11 and 5-13 respectively. The corresponding variation of the calibration 
factor with the Compton to photopeak count rate ratio for all phantom heights 
combined is shown in Figures 5-12 and 5-14 respectively. The corresponding 
regression equations, R-squared values, standard error of estimate and P values are 
shown in Table 5-12 and Table 5-13 respectively.  
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Figure 5-11: Variation of the 40K calibration factor F with the Compton to 
photopeak count rate ratio for individual phantom heights, with the 137Cs 
photopeak included 
 
Figure 5-12: Variation of the 40K calibration factor F with the Compton to 
photopeak count rate ratio for all phantom heights combined, with the 137Cs 
photopeak included 
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Table 5-12: Linear and logarithmic regression of the calibration factor 
(including the 137Cs photopeak) with Compton to photopeak count rate ratio for 
the individual and combined phantom heights  
Phantom 
height (cm) 
Regression equation R2 
S.E.E 
(cps/g of K) 
P value 
150 
F = - 0.0446(C/p) + 0.0697 0.984 0.000541 <0.001 
F = -0.0451ln(C/p) + 0.0250 0.981 0.000577 <0.001 
160 
F = - 0.0449(C/p) + 0.0700 0.990 0.000405 <0.001 
F = -0.0464ln(C/p) + 0.0250 0.990 0.000415 <0.001 
170 
F = - 0.0426(C/p) + 0.0668 0.963 0.000773 <0.001 
F = -0.0433ln(C/p) + 0.0241 0.960 0.000801 <0.001 
180 
F = - 0.0378(C/p) + 0.0619 0.951 0.000854 <0.001 
F = -0.0393ln(C/p) + 0.0240 0.958 0.000788 <0.001 
190 
F = - 0.0459(C/p) + 0.0700 0.960 0.000869 <0.001 
F = -0.0470ln(C/p) + 0.0236 0.954 0.000932 <0.001 
Combined 
F = - 0.0433(C/p) + 0.0678 0.945 0.000878 <0.001 
F = -0.0444ln(C/p) + 0.0243 0.944 0.000883 <0.001 
 
 
 
Figure 5-13: Variation of the 40K calibration factor F with the Compton to 
photopeak count rate ratio for individual phantom heights, without the 137Cs 
photopeak 
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Figure 5-14: Variation of the 40K calibration factor F with Compton to 
photopeak count rate ratio for all phantom heights combined without the 137Cs 
photopeak 
Table 5-13: Linear and logarithmic regressions of the 40K calibration factor 
(without the 137Cs photopeak) with Compton to photopeak count rate ratio for 
the individual and combined phantom heights 
Phantom 
height (cm) 
Regression equation R2 
S.E.E 
(cps/g of K) 
P value 
150 
F = -0.0910(C/p) + 0.0808 0.980 0.000598 <0.001 
F = -0.0564ln(C/p) - 0.0027 0.983 0.000592 <0.001 
160 
F = -0.1012(C/p) + 0.0872 0.985 0.000509 <0.001 
F = -0.0638ln(C/p) - 0.0061 0.985 0.000506 <0.001 
170 
F = -0.0971(C/p) + 0.0839 0.977 0.000606 <0.001 
F = -0.0603ln(C/p) - 0.0052 0.974 0.000646 <0.001 
180 
F = -0.0834(C/p) + 0.0753 0.960 0.000771 <0.001 
F = -0.0529ln(C/p) - 0.0017 0.967 0.000696 <0.001 
190 
F = -0.1084(C/p) + 0.0902 0.976 0.000678 <0.001 
F = -0.0677ln(C/p) - 0.0095 0.972 0.000725 <0.001 
Combined 
F = -0.0896(C/p) + 0.0794 0.949 0.000844 <0.001 
F = -0.0568ln(C/p) - 0.0034 0.955 0.000794 <0.001 
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5.9 Calibration for activity of 40K 
Normally, the calibration factor F of the counter is expressed as a count rate per gram 
of potassium for the 40K calibration. In this study, F was also expressed in terms of 
count rate per unit activity of 40K and used later to compare the counting efficiency of 
the three radionuclides. These values (Table 5-14) were calculated for a distributed 
source with 30.18 Bq of 40K as the activity of one gram of potassium (Samat et al. 
1996). Water volumes of less than 60% capacity were excluded for later comparison 
with 137Cs and 131I. 
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Table 5-14: Calibration factor F expressed as a count rate per gram of K and 
count rate per unit activity of 40K for the different phantom configurations 
Phantom 
height (cm) 
Water 
volume 
Phantom 
mass (kg) 
F (Sensitivity) 
  (cps/ g of K) 
F (Sensitivity) 
(cps/kBq of 40K) 
150 
60% 41.675 0.0260 0.7847 
80% 51.700 0.0243 0.7334 
100% 61.725 0.0229 0.6911 
1 layer 71.725 0.0213 0.6428 
2 layers 81.725 0.0198 0.5976 
3 layers 91.725 0.0189 0.5711 
160 
60% 46.763 0.0251 0.7579 
80% 58.484 0.0235 0.7104 
100% 70.205 0.0225 0.6776 
1 layer 82.205 0.0207 0.6241 
2 layers 94.205 0.0192 0.5797 
3 layers 106.205 0.0181 0.5450 
170 
60% 47.411 0.0244 0.7369 
80% 59.348 0.0225 0.6799 
100% 71.285 0.0217 0.6552 
1 layer 83.285 0.0199 0.6014 
2 layers 95.285 0.0186 0.5618 
3 layers 107.285 0.0176 0.5303 
180 
60% 49.571 0.0245 0.7402 
80% 61.076 0.0229 0.6906 
100% 73.445 0.0215 0.6481 
1 layer 85.445 0.0197 0.5933 
2 layers 97.445 0.0186 0.5609 
3 layers 109.445 0.0186 0.5604 
190 
60% 53.147 0.0236 0.7121 
80% 66.996 0.0222 0.6687 
100% 80.845 0.0209 0.6298 
1 layer 94.845 0.0189 0.5714 
2 layers 108.845 0.0180 0.5425 
3 layers 122.845 0.0157 0.4745 
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5.10 Minimum detectable activity of 40K 
Determination of the 40K MDA of whole body counters is not common. The literature 
is sparse and shows great inconsistency, as researchers who have determined the MDA 
used counting systems with different characteristics and counting times.  
5.10.1 Method  
The theoretical MDA of the Cardiff whole body counter was calculated for 40K at a 
scan speed of 0.3 cm/s (962 s live time). Data were taken from the 40K calibration 
measurements for the five Bush phantom heights with phantom mass ranging from 
that due to water at 20% capacity to that due to three layers of water bags. MDA was 
calculated using equation 2-15 (section 2.14) with sensitivity being derived from a 
distributed source. Linear regression was used to analyse the results. 
5.10.2 Results  
Linear regressions of the theoretical 40K MDA with phantom mass for the five 
phantom configurations are shown in Figure 5-15. The corresponding sensitivity, 
MDA and minimum detectable mass (MDM) values are shown in Table 5-15. 
 
Figure 5-15: Variation of 40K MDA with phantom mass for the five phantom 
configurations 
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Table 5-15: Minimum detectable 40K activity and minimum detectable K mass for the five 
phantom heights  
Height 
cm 
Water 
volume 
Mass 
(kg) 
Sensitivity 
(cps/g of K) 
Sensitivity 
(cps/kBq) 
Bg 
MDCR 
(cps) 
MDM  
(g of K) 
MDA 
(Bq) 
150 
20% 21.465 0.0300 0.906 1916 0.136 4.628 150.666 
40% 31.490 0.0278 0.840 1915 0.136 5.000 162.461 
60% 41.675 0.0260 0.784 1846 0.134 5.275 170.925 
80% 51.700 0.0243 0.732 1883 0.135 5.715 184.901 
100% 61.725 0.0229 0.691 1944 0.138 6.157 198.957 
1 layer 71.725 0.0213 0.642 1908 0.136 6.584 212.272 
2 layers 81.725 0.0198 0.598 1853 0.134 6.984 224.537 
3 layers 91.725 0.0189 0.571 1846 0.134 7.313 234.619 
160 
20% 23.303 0.0291 0.879 1914 0.136 4.687 155.287 
40% 35.024 0.0270 0.814 1912 0.136 5.059 167.613 
60% 46.763 0.0251 0.758 1895 0.136 5.405 179.105 
80% 58.484 0.0235 0.710 1878 0.135 5.741 190.223 
100% 70.205 0.0225 0.678 1938 0.137 6.115 202.606 
1 layer 82.205 0.0207 0.624 1900 0.136 6.574 217.826 
2 layers 94.205 0.0192 0.580 1843 0.134 6.970 230.962 
3 layers 106.205 0.0181 0.545 1835 0.134 7.397 245.109 
170 
20% 23.537 0.0283 0.859 1914 0.136 4.816 158.805 
40% 35.474 0.0264 0.801 1912 0.136 5.171 170.310 
60% 47.411 0.0244 0.742 1842 0.134 5.482 180.337 
80% 59.348 0.0225 0.686 1877 0.135 5.997 197.031 
100% 71.285 0.0217 0.662 1937 0.137 6.322 207.446 
1 layer 83.285 0.0199 0.608 1899 0.136 6.820 223.402 
2 layers 95.285 0.0186 0.569 1842 0.134 7.191 235.142 
3 layers 107.285 0.0176 0.538 1834 0.134 7.601 248.088 
180 
20% 24.005 0.0282 0.851 1914 0.136 4.839 160.326 
40% 36.374 0.0260 0.786 1911 0.136 5.236 173.487 
60% 49.571 0.0245 0.740 1841 0.134 5.456 180.769 
80% 61.076 0.0229 0.691 1876 0.135 5.903 195.584 
100% 73.445 0.0215 0.648 1935 0.137 6.388 211.667 
1 layer 85.445 0.0197 0.593 1898 0.136 6.911 228.993 
2 layers 97.445 0.0186 0.561 1841 0.134 7.199 238.539 
3 layers 109.445 0.0186 0.560 1833 0.133 7.190 238.226 
190 
20% 25.609 0.0278 0.840 1913 0.136 4.897 162.275 
40% 39.458 0.0255 0.768 1908 0.136 5.351 177.293 
60% 53.147 0.0236 0.712 1837 0.134 5.665 187.701 
80% 66.996 0.0222 0.669 1871 0.135 6.088 201.738 
100% 80.845 0.0209 0.630 1929 0.137 6.564 217.486 
1 layer 94.845 0.0189 0.571 1890 0.136 7.162 237.309 
2 layers 108.845 0.0180 0.542 1832 0.133 7.426 246.046 
3 layers 122.845 0.0157 0.475 1822 0.133 8.466 280.517 
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5.11 Discussion 
The Cardiff whole-body counter was calibrated experimentally for total body 
potassium (TBK) using Bush phantoms, over a wide range of body height and weight. 
Two techniques were used for the calibration: KCl solution source uniformly 
distributed throughout the phantom and point sources of KCl. 
Sources of uncertainties such as statistical errors, background count rate, radionuclide 
distribution, and self-absorption and scattering due to differences in the phantom 
geometry were investigated.  
For the uniformly distributed source technique, a wide range of phantom heights (150-
190 cm), and weights (43-122 kg) were used for the calibration (Table 3-2, section 3-
4). This range was based on the data of Frisancho (1990) for the height with weight of 
healthy people. 
 In this study, the calibration factor was analysed with different combinations of 
phantom size indices: mass (M), mass/height (M/H), and (M/H)1/2, with linear and 
logarithmic functions. Strong correlations of F with different size indices were found. 
For combined phantom heights, the linear regression of F with phantom mass was 
identified as optimal as it had the greatest coefficient of determination (R2) and the 
lowest standard error of estimate compared to the other size indices mentioned above 
(Table 5-5).  
In general, the calibration factor F (count rate/g of K) decreased significantly with 
phantom mass (P<0.01) for all the individual phantom heights (Figure 5-3). For a given 
mass, phantom height had a very small impact on the calibration factor (P>0.05). 
Therefore, regression analysis of the calibration factor with phantom mass for all the 
phantom heights combined was justified (Figure 5-4). However, the value of the 
coefficient of determination (R2) was less than that obtained with individual phantom 
heights, while the values of S.E.E were greater.  
Several investigators have established formulae relating the calibration factor F to the 
indices of body size mentioned above (Barnaby and Jasani 1968; Cohn and 
Dombrowski 1970; Burkinshaw 1977; Smith et al. 1979; Naversten and Lenger 1983; 
Hansen and Allen 1996). The values of TBK uncertainty found in the present study 
were very close to those in the literature. Hansen and Allen (1996) utilised a supine 
Chapter 5:                                                                                                                   Calibration for 40K 
  
 
117 
  
geometry sodium iodide monitor to calibrate TBK measurement for different body 
height and weight values with an anthropomorphic phantom. They determined the 
correction factors for subject shape in terms of body weight, height and thickness. 
They showed that the 40K calibration factor (count rate/g of potassium) was 
significantly correlated with subject weight (r = 0.99, p < 0.01), height (r = 0.98, 
p<0.01) and (weight/height)0.5 (r = 0.88, p<0.01), with a CV  of 4.5%. Barbaby and 
Jasani (1968) found that the CV of different phantom heights (40 cm to 180 cm) and 
weight was 2.5%, using two rectangular tanks of a liquid scintillation detector. 
O’Hehir et al. (2006) demonstrated similar errors (2.7%) in their calibration of eight 
NaI scintillation detectors for a variety of positions of a potassium source in a water 
phantom. 
In order to give validity to TBK measurement, it is necessary for the detected count 
rate obtained for a given total activity to be effectively independent of the distribution 
of the radioactive material within the body (Warner and Oliver 1966). Therefore, the 
variation in response of the whole body counter was checked using point sources, and 
the sensitivity was compared to that obtained with a uniformly distributed source 
(extended source). The results showed that the calibration factor F (count rate/g of K) 
for the point source decreased significantly with phantom mass (Figure 5-5). The same 
approach was adopted for the distributed source for the purpose of comparison (Figure 
5-6). The difference in the calibration factors was in the range of 5-11% (Table 5-4). 
Furthermore, the range of difference of calibration factor with mass for distributed 
sources was about half of that for point sources. This was the case because the 
measurements were based on counts integrated over the counting window, and 
detectors that surrounded the phantom. 
The attenuation of gamma rays from a radionuclide in the body, whether this source is 
uniformly distributed or concentrated in small volume, has an exponential relationship 
with subject thickness. Furthermore, the relative count rate in the Compton region 
becomes larger with body weight (Cohn et al. 1970).  
In this study, the count rate in the Compton energy band was considered, and the ratio 
of the count rate in the Compton band to that in the photopeak was determined. Two 
Compton energy bands were adopted, one of width 610 keV that included the 137Cs 
photopeak and the other of width 368 keV excluded the 137Cs photopeak. 
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The results showed that the Compton to photopeak count rate ratio for all the phantom 
heights, and for both Compton energy bands, increased significantly (P<0.01) with 
body mass (Figures 5-7 and 5-9). Phantom height alone had very weak impact 
(P>0.05) on the Compton to photopeak count rate ratio with both Compton bands. In 
spite of the difference in the width of the two Compton bands, which causes statistical 
variation, both bands gave similar values of the coefficient of variation. Logarithmic 
regressions for the five phantom heights combined were determined (Figures 5-8 and 
5-10). Statistical analysis showed that the variation of the Compton to photopeak count 
rate ratio with phantom mass for the phantom heights combined was similar to those 
of the individual heights (Tables 5-9 and 5-11).  
In this study, it was found that the calibration factor was correlated with phantom mass 
and the Compton to photopeak count rate ratio was also correlated with phantom mass, 
for all the phantom heights. Therefore, a new alternative method of determining the 
calibration factor from the Compton to photopeak count rate ratio was suggested for 
40K calibration. The calibration factor (sensitivity) of the counter decreased 
significantly (P<0.01) with the Compton to photopeak count rate ratio. However, 
height alone had a very weak impact (P>0.05) on the calibration factor. These 
measurements were determined for both Compton windows, with the 137Cs photopeak 
(Figures 5-11 and 5-12) and without the 137Cs photopeak (Figures 5-13 and 5-14). The 
correlation of the calibration factor with Compton to photopeak count rate ratio, for 
both Compton windows, was better for individual heights than for combined heights.  
Furthermore, statistical analysis showed that the correlation of calibration factor F with 
C/p ratio was weaker than that determined with mass and that the standard error of 
estimate values were greater.  
The effect of phantom mass on the background count rate for the 40K counting window 
was investigated in section 4.6.2. The results showed that the background decreased 
from 2.00 to 1.90 counts/s (reduction of 4.87%) when the phantom mass increased 
from 46 to 94 kg. This difference produces an error in the K-40 calibration of up to 
1.8% if this reduction is not considered. 
In addition to its calculation as count rate per gram of potassium, the 40K calibration 
factor F was also expressed in terms of count rate per unit activity of 40K. The purpose 
of these measurements was to use them later to compare the counting efficiency for 
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the three radionuclides. These values were calculated with 30.18 Bq of 40K as the 
activity of one gram of potassium (Samat et al. 1996). 
Finally, the theoretical MDA of the Cardiff WBC for 40K increased linearly with mass 
for all phantom configurations (Figure 5-15). The literature for the MDA of 40K was 
sparse and showed inconsistency. For example, Singh et al. (2016) used a BOMAB 
phantom to calibrate a shadow shield counter with a 102 mm diameter × 76 mm thick 
NaI(Tl) detector, and found that the 40K MDA for a counting time of 15 min was 1970 
Bq. The MDA value for the IRMA 1 whole body counter (four Nal (Tl) detectors, each 
127 mm diameter x 102 mm thick), was 360 Bq, using a 70 kg phantom and a counting 
time of 30 min. The MDA values were based on 3.29σ, where σ is the statistical 
uncertainty (IAEA 1996). 
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Chapter 6 
 
Calibration for caesium-137 
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6.1 Introduction 
The purpose of this chapter is to describe a practical method to calibrate the Cardiff 
whole body counter for measuring the activity of 137Cs in the human body as a result 
of ingestion following accidental release into the environment. The use of an 
anthropomorphic phantom is identified as a well-established standard method of 
calibration. Other methods of calibration, such as administrating a relatively large 
activity of 137Cs to volunteers, are rarely justified because of the potential risk due to 
the effective dose received by the subject. 
6.2 Properties of 137Cs 
Caesium-137 is radioactive isotope of the element caesium. It is formed as a by-
product of the nuclear fission of uraniun-235 (235U) and other fissionable nuclei in 
nuclear reactors and nuclear weapons testing (Figure 6-1). Gustav Kirchhoff and 
Robert Bunsen discovered non-radioactive caesium in mineral water in 1860, whereas 
Glenn T. Seaborg and his coworkers discovered radioactive 137Cs in the late 1930s 
(Okumura 2003). 
Caesium-137 has a relativity long half-life of about 30.17 years. It is one of the most 
problematic of the intermediate lifetime fission products, because it easily moves and 
spreads in the natural environment due to its high water solubility. Salts are the most 
common chemical compounds of caesium (Samat et al. 1997). 
Examples of fragments from 235U fission are iodine-137 (137I) and yttrium-95 (95Y): 
                           235U + n → 236mU → 137I + 95Y + 4n…………6-1 
                           137I → 137Xe + 𝛽− ……………...……………6-2 
                           137Xe → 137Cs + 𝛽− ………….……………...6-3 
Iodine-137 has a half-life of 24 sec; it decays by beta emission to produce xenon-137 
(137Xe). In turn, xenon-137 decays by beta emission to produce caesium-137. 
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Figure 6-1: Uranium-235 fission products (HyperPhysics, 2016) 
About 95% of 137Cs decays to 137mBa by emitting beta particles. This metastable state 
of barium-137 has a half-life of about 153 seconds, and is responsible for all of the 
gamma photon emissions of energy 662 keV in samples of 137Cs (Figure 6-2). One 
gram of 137Cs has an activity of 3.215 terabecquerel (TBq) (Suplee 2009). 
 
Figure 6-2: Decay of 137Cs 
Radiocaesium enters the human body by ingestion, inhalation or penetration through 
the skin and is uniformly distributed in the muscle and soft tissue of the body (IAEA 
1988; NCRP 1985). A remarkable similarity was found between the distribution of 40K 
and 137Cs in the muscles of the human body (Rundo and Taylor 1964). Since both 137Cs 
and 40K are 90-100% absorbed from the diet into the muscles, both are measurable 
simultaneously (ICRP 1991). This is because the two radionuclides have both a 
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chemical and a physiological similarity (Gustafson and Miller 1969). External 
exposure to large activity of 137Cs produces burns, sickness, cancer and even death. 
Internal exposure via ingestion or inhalation allows the radioactive material to 
accumulate in the cells, exposing them to beta particles and gamma radiation, thus 
increasing the risk of cancer. 
6.3 Measurement of 137Cs 
The quantities of caesium in the body can be assessed by two techniques: in vivo and 
in vitro measurements. In vivo measurements are usually achieved with whole body 
counters, and these measurements are commonly used to measure the body content of 
radiocaesium, but not stable caesium. However, in vitro measurements provide an 
estimate of internally deposited caesium, both stable and radioactive isotopes, by 
measuring the amount of caesium in body fluids, faeces or other human samples 
(Gautier 1983). 
The calibration of whole body counters for radiocaesium is usually achieved using 
tissue-equivalent phantoms (Sun et al. 1997). Caesium isotopes are measured either as 
point sources along the phantom or dissolved within the water-filled canisters. Another 
method is based on administrating a relatively large amount (e.g. 370 kBq) of caesium-
137 to volunteers (Dolgirev et al. 1987). The latter method is rarely used, as it involves 
using a contaminated person with incorporated radiocaesium due to the consumption 
of natural products and locally produced foods (Ramzaev et al. 2002). Comparison of 
the measured count rate obtained from the phantom or person to the known activity of 
a caesium standard is used to determine the sensitivity of the counting technique and 
thus to provide the basis for calibrating the counting system. 
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6.4 Calibration of the Cardiff WBC for 137Cs 
The Cardiff whole body counter was calibrated for total body 137Cs using an 
anthropomorphic phantom and a point source technique. The point source technique 
was used because there is a potential risk that the phantom may leak and contaminate 
the counter. The response of the counter (calibration factor F) was expressed in terms 
of the count rate per unit activity of 137Cs. The effect of internal body attenuation on 
the gamma radiation was determined by calculating the ratio of the count rate in the 
Compton band to that of the photopeak. This ratio was used as an alternative to 
phantom mass for determining the variation of F with size. 
6.4.1 Method 
One point source of 137Cs of activity 3.983 kBq was employed for the calibration. This 
point source was taken from previous work of Elessawi (2010) and the activity of the 
137Cs stock solution was measured using a secondary standard radionuclide calibrator 
(FIDELIS from Sothern Scientific Ltd., Lancing, England and National Physical 
Laboratory, Teddington, England). The point source was prepared in a sealed glass 
vial (of nominal volume 10 ml) to reduce the risk of contamination and was made up 
to a total volume of about 10 ml with water. A wide range of Bush phantom heights 
and weights was employed for the calibration and this range was the same to that used 
for the 40K calibration. The point source was hung at the centre of each single 
compartment of the phantom sequentially, and scanned once only. Summed activity 
for each phantom configuration is given in Table 6-1. Figure 6-3 shows a 137Cs 
spectrum recorded for the Cardiff whole body counter, with a Bush phantom of 170 
cm height and containing water to its full capacity. This spectrum shows two counting 
windows: the photopeak (P) window and the 250-450 keV Compton band (C) window.  
The gross count rate of each compartment was measured with the point source present 
in the phantom, while the background count rate was measured with an empty bed and 
corrected for the body mass effect (section 4.6.2). The net count rate was calculated 
by subtracting the gross count rate from the background count rate for the 
compartment. The sensitivity of each compartment was determined by dividing the 
ratio of the net count rate by the 137Cs activity.  
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The sensitivity was corrected for the compartment volume by multiplying it by the 
ratio of compartment volume to total phantom volume. The total F value for a 
particular phantom height was calculated by summing the corrected sensitivity for 
each compartment. The photopeak window was determined by the 2FWHM method 
(section 4.3).  
Linear and logarithmic functions were used to investigate the dependence of the 
calibration factor on various indices of size: mass (M), mass/height (M/H) and 
(M/H)1/2. Again, the criteria adopted for the best choice were high R2 and low S.E.E.  
 
Figure 6-3: Actual 137Cs spectrum recorded with the Cardiff whole body 
counter with a Bush phantom of 170 cm height and full water capacity. 
Table 6-1: Summed activity (kBq) of 137Cs point sources for each phantom 
configuration. 
Phantom height 
(cm) 
Point source 
activity (kBq) 
150 35.85 
160 35.85 
170 39.83 
180 47.80 
190 43.81 
 
Chapter 6:                                                                                                                 Calibration for 173Cs 
 
 
126 
  
6.4.2 Results 
The variation of the calibration factor F with phantom mass for different phantom 
heights is shown in Figure 6-4 as a family of curves. The corresponding regression 
equations, R-squared values, standard error of estimate and P values are shown in 
Table 6-2. The variation of the calibration factor with the phantom mass for all heights 
combined is shown in Figure 6-5. The corresponding regression equations, R-squared 
values, standard error of estimate and P values are shown in Table 6-3. Logarithmic 
regression of calibration factor with phantom mass gave the best correlation in all 
cases. 
 
Figure 6-4: Variation of the137Cs calibration factor with phantom mass for the 
five individual phantom heights. 
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Table 6-2: Linear and logarithmic regressions of the 137Cs calibration factor 
with phantom mass for the five individual phantom heights. 
Phantom 
height 
(cm) 
Function Regression equation R2 
S.E.E 
(cps/kBq) 
P value 
150 
Linear 
F = -0.0744(M) + 12.822 0.919 0.463 0.0026 
F = -14.893(M/H)1/2 + 17.688 0.947 0.374 0.0012 
Logarithmic F = -4.866ln(M) + 28.126 0.970 0.283 <0.001 
160 
Linear 
F = -0.0629M + 12.346 0.912 0.488 0.0030 
F = -13.843(M/H)1/2 + 17.060 0.942 0.394 0.0013 
Logarithmic F = -4.714ln(M) + 27.800 0.967 0.299 <0.001 
170 
Linear 
F = -0.0589M + 11.869 0.918 0.440 0.0026 
F = -13.457(M/H)1/2 + 16.321 0.947 0.355 0.0011 
Logarithmic F = -4.453ln(M) + 26.512 0.970 0.266 <0.001 
180 
Linear 
F = -0.0533M + 11.363 0.916 0.407 0.0028 
F = -12.750(M/H)1/2 + 15.511 0.943 0.335 0.0013 
Logarithmic  F = -4.149ln(M) + 25.133 0.964 0.264 <0.001 
190 
Linear 
F = -0.0489M + 11.043 0.873 0.543 0.0063 
F = -12.609(M/H)1/2 + 15.276 0.909 0.459 0.0032 
Logarithmic F = -4.237ln(M) + 25.546 0.941 0.371 0.0013 
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Figure 6-5: Variation of the 137Cs calibration factor with phantom mass for the 
five phantom heights combined. 
 
Table 6-3: Linear and logarithmic regressions of the 137Cs calibration factor 
with phantom mass for the five phantom heights combined. 
Regression equation R2 
S.E.E 
(cps/kBq) 
P value 
F = -0.0576(M) + 11.786 0.894 0.445 <0.001 
F = -4.452ln(M) + 26.507 0.958 0.281 <0.001 
F = -9.863(M/H) + 11.829 0.827 0.568 <0.001 
F = -4.439ln(M/H) + 3.680 0.877 0.478 <0.001 
F = -13.359(M/H)1/2 + 16.271 0.855 0.520 <0.001 
F = -8.878ln(M/H)1/2 + 3.680 0.877 0.478 <0.001 
 
  
 
 
Chapter 6:                                                                                                                 Calibration for 173Cs 
 
 
129 
  
6.5 Compton to photopeak count rate ratio 
The count rate in the Compton energy band of 137Cs was considered. The dependence 
of the Compton to photopeak count rate ratio on phantom mass was investigated as a 
measure of internal gamma ray attenuation by the phantom.  
6.5.1 Method  
The energy range of the Compton band for 137Cs was chosen to be 250-450 keV to 
avoid the annihilation radiation and backscatter peaks. The variation with phantom 
mass of the ratio of the count rate in the Compton band to that in the photopeak was 
analysed using logarithmic functions.  
6.5.2 Results  
The variation of the Compton to photopeak count rate ratio with phantom mass for the 
five individual phantom heights is shown in Figure 6-6. The corresponding variation 
for all phantom heights combined is shown in Figure 6-7. The regression equations, 
R-squared values, standard error of estimate and P values are shown in Table 6-4. 
 
Figure 6-6: Variation of 137Cs Compton to photopeak count rate ratio with 
phantom mass for the five individual phantom heights. 
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Figure 6-7: Variation of 137Cs Compton to photopeak count rate ratio with 
phantom mass for the five phantom heights combined 
Table 6-4: Logarithmic regression of the 137Cs Compton to photopeak count 
rate ratio with phantom mass for the individual and combined phantom heights 
Phantom 
height (cm) 
Regression equation R2 S.E.E P value 
150 C/p = 0.331ln(M) - 0.481 0.984 0.0140 <0.001 
160 C/p= 0.335ln(M) - 0.527 0.985 0.0141 <0.001 
170 C/p = 0.329ln(M) - 0.491 0.988 0.0125 <0.001 
180 C/p = 0.320ln(M) - 0.455 0.970 0.0185 <0.001 
190 C/p = 0.351ln(M) - 0.606 0.946 0.0293 0.0011 
Combined C/p = 0.323ln(M) - 0.468 0.960 0.0197 <0.001 
 
 
Chapter 6:                                                                                                                 Calibration for 173Cs 
 
 
131 
  
6.6 Dependence of F on Compton to photopeak count rate ratio 
for 137Cs 
As for 40K, the usefulness of the Compton to photopeak count rate ratio as an 
alternative index of subject size was investigated.  
The variation of the calibration factor with the Compton to photopeak count rate ratio 
for the total body content of 137Cs for each individual height is shown in Figure 6-8, 
while that for all phantom heights combined is shown in Figure 6-9. The corresponding 
regression equations, R-squared values, standard error of estimate and P values are 
shown in Table 6-5.  
 
Figure 6-8: Variation of the 137Cs calibration factor with Compton to photopeak 
count rate ratio for the five individual phantom heights 
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Figure 6-9: Variation of the 137Cs calibration factor with Compton to photopeak 
count rate ratio for all phantom heights combined 
Table 6-5: Linear and logarithmic regressions of the 137Cs calibration factor 
with Compton to photopeak count rate ratio for the individual and combined 
phantom heights 
Phantom 
height (cm) 
Regression equation R2 
S.E.E 
(cps/kBq) 
P value 
150 
F = -14.793(C/p) + 21.106 0.996 0.107 <0.001 
F = -12.771ln(C/p) + 6.382 0.998 0.078 <0.001 
160 
F = -14.149(C/p) + 20.446 0.995 0.118 <0.001 
F = -12.391ln(C/p) + 6.332 0.996 0.118 <0.001 
170 
F = -13.600(C/p) + 19.924 0.992 0.141 <0.001 
F = -12.198ln(C/p) + 6.329 0.997 0.092 <0.001 
180 
F = -12.992(C/p) + 19.268 0.999 0.054 <0.001 
F = -11.733ln(C/p) + 6.278 0.999 0.040 <0.001 
190 
F = -12.079(C/p) + 18.261 0.998 0.068 <0.001 
F = -10.843ln(C/p) + 6.159 0.996 0.091 <0.001 
Combined 
F = -13.692(C/p) + 19.976 0.984 0.172 <0.001 
F = -12.173ln(C/p) + 6.294 0.985 0.166 <0.001 
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6.7 Contribution of 40K to the 137Cs counting window 
Radiocaesium and natural radiopotassium enter the body by ingestion, and both of 
them are distributed in the muscles of the human body. This is because the two 
radionuclides have chemical and physiological similarities (Rundo and Taylor 1964). 
The gamma energy of 40K is greater than that of 137Cs, and hence the 137Cs photopeak 
lies on the Compton band of 40K. This applies to all gamma emitting radionuclides 
with gamma energy less than that of 40K. Therefore, the net count rate in the 137Cs 
window should be corrected for the contribution of the 40K Compton continuum 
(Youssef et al. 1999). 
6.7.1 Method  
In this study, the fraction of the count rate in the 40K photopeak window that appeared 
in the 137Cs photopeak window was calculated from the 40K calibration measurements 
(section 5-4) with no 137Cs source present. These measurements were made for the five 
phantom configurations and linear regression was used to analyse the variation of the 
calibration factor with mass. Standard error (SE) of the 137Cs/40K count rate fraction 
was calculated for four measurements at each phantom height. 
6.7.2 Results 
The variation of the ratio of the net count rate in the 137Cs photopeak window to that 
in the 40K photopeak window with phantom mass for the five individual phantom 
heights is shown in Figure 6-10. The corresponding variation for all heights combined 
is shown in Figure 6-11. The count rate values are shown in Table 6-6. 
 
 
Chapter 6:                                                                                                                 Calibration for 173Cs 
 
 
134 
  
 
Figure 6-10: Variation of the fraction of the 40K count rate appearing in the 
137Cs window as a function of phantom mass for the five individual phantom 
heights 
 
 
Figure 6-11: Variation of the fraction of the 40K count rate appearing in the 
137Cs window as a function of phantom mass for all phantom heights combined 
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Table 6-6: Contribution of the 40K count rate to the 137Cs window according to 
phantom mass for the five phantom heights. 
Height 
cm 
Water 
volume 
Mass 
(kg) 
40K count 
rate in 137Cs 
window 
40K count 
rate in 40K         
window 
Ratio of 
137Cs /40K 
count rate- 
S.E 
150 
60% 41.515 2.629 11.436 0.230 0.00676 
80% 51.540 2.496 10.677 0.234 0.00279 
100% 61.565 2.451 10.082 0.243 0.00385 
1 layer 71.565 2.403 9.362 0.257 0.00483 
2 layers 81.565 2.251 8.721 0.258 0.00535 
3 layers 91.565 2.175 8.331 0.261 0.00479 
160 
60% 46.745 3.084 12.926 0.239 0.01378 
80% 58.466 2.910 12.116 0.240 0.00352 
100% 70.187 2.819 11.556 0.244 0.00390 
1 layer 82.187 2.718 10.644 0.255 0.00350 
2 layers 94.187 2.664 9.887 0.269 0.00622 
3 layers 106.187 2.596 9.296 0.279 0.00445 
170 
60% 47.411 3.056 12.965 0.236 0.00493 
80% 59.348 2.905 11.979 0.243 0.00213 
100% 71.285 2.865 11.558 0.248 0.00341 
1 layer 83.285 2.774 10.628 0.261 0.00410 
2 layers 95.285 2.723 9.945 0.274 0.00641 
3 layers 107.285 2.640 9.405 0.281 0.00542 
180 
60% 48.743 3.116 13.322 0.234 0.00561 
80% 61.112 2.958 12.429 0.238 0.00381 
100% 73.481 2.935 11.665 0.252 0.00393 
1 layer 85.481 2.778 10.678 0.260 0.00492 
2 layers 97.481 2.735 10.095 0.271 0.00553 
3 layers 109.481 2.845 10.086 0.282 0.00596 
190 
60% 53.307 3.443 14.351 0.240 0.00474 
80% 67.156 3.361 13.475 0.249 0.00447 
100% 81.005 3.220 12.693 0.254 0.00426 
1 layer 95.005 3.071 11.514 0.267 0.00402 
2 layers 109.005 3.038 10.932 0.278 0.00526 
3 layers 123.005 2.686 9.563 0.281 0.00479 
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6.8 Minimum detectable activity (MDA) of 137Cs 
Several investigators have determined the MDA for 137Cs. An intercomparison of the 
MDAs of eight whole body counters belonging to six enterprises from different 
countries, with characteristics of the WBCs and the phantoms used for their 
calibration, is illustrated in Table 6-7 (Ramzaev et al. 2002). With the same equipment 
as was used in this work, Elessawi (2010) found that the mean value of the theoretical 
137Cs MDA was 24.31 Bq for a 1 hour counting time. 
Table 6-7: MDA of 137Cs for some whole-body counters and their characteristics 
Institution 
Size of detectors 
(mm) and mode 
of registration 
Shield 
Geometry 
and time (s) 
of 
measurement 
Type of 
phantom 
for 
calibration 
MDA 
(Bq) 
Adjusted* 
MDA 
(Bq) 
Finland, Helsinki. 
Radiation and 
Nuclear Safety Authority 
(STUK-S) 
 
127 (diam) x 102 
four detectors, 
scanning 
Chamber, wall 
15 cm of steel, 
Pb, Cd 
Bed, 1500 
Tissue-
equivalent 
bricks 
30 37 
Finland, Helsinki. 
Radiation and 
Nuclear Safety Authority 
(STUK-M) 
 
HpGe, 56%, fixed 
Lead collimator 
installed in a 
truck 
Chair, 600 
Tissue-
equivalent 
bricks 
50 39 
Germany, Julich, 
Research Center Julich 
(FZJ) 
102 (diam) x 51, 
four detectors, 
fixed 
Chamber, wall 
15 cm of steel, 
Pb 
Bed, 600 
Tissue-
equivalent 
bricks 
50-100 39-79 
Japan. Chiba. National 
Institute of Radiological 
Sciences (MIRS) 
 
203 (diam) x 102 
two detectors, 
scanning 
Chamber, wall 
20 cm of steel, 
Pb, Lucite 
Bed, 2000 
Block type, 
assembly of 
containers 
33 48 
Japan. Tokyo. Japan 
Atomic Energy Research 
Institute (JAERI) 
 
200 (diam) x 100 
five detectors, 
fixed 
Chamber, wall 
20 cm of steel, 
Pb 
Bed, 1000 
Block type, 
assembly of 
containers 
20 20 
Russia. Novozybkov, 
Branch of Institute of 
Radiation Hygiene 
(BIRH-S) 
 
63 (diam) x 63, 
fixed 
Collimator 
armchair with 
lead shield 
Chair, 600 
Tissue-
equivalent 
bricks 
500 394 
Russia. Novozybkov, 
Branch of Institute of 
Radiation Hygiene 
(BIRH-M) 
 
63 (diam) x 63, 
fixed 
Lead collimator 
installed in a 
truck 
Bed, 600 
Tissue-
equivalent 
bricks 
500 394 
Russia. St Perersburg, 
Institute of Radiation 
Hygiene (IRH) 
 
150 (diam) x 100, 
fixed 
Chamber, wall 
15 cm of steel, 
Pb, Cd 
Chair, 600 
Tissue-
equivalent 
bricks 
40 32 
*Adjusted MDA was calculated according to the 962 s time used for calculating MDA of this study. 
 
Chapter 6:                                                                                                                 Calibration for 173Cs 
 
 
137 
  
6.8.1 Method  
The theoretical MDA of the Cardiff whole body counter was calculated for 137Cs at a 
scan speed of 0.3 cm/s (962 s live time). Data were taken from the 137Cs calibration 
measurements for the five Bush phantom heights and the same range of phantom mass 
as was used for the determination of the 40K MDA. MDA was calculated using 
equation 2-15 (section 2.8.3). Linear regression was used to analyse the results 
6.8.2 Results 
Linear regressions of the variation of the theoretical 137Cs MDA with phantom mass 
for the five phantom heights are shown in in Figure 6-12. The corresponding sensitivity 
and MDA values are shown in Table 6-8. 
 
Figure 6-12: Variation of 137Cs MDA with phantom mass for the five phantom 
configurations 
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Table 6-8: MDA and sensitivity values for 137Cs at the various phantom 
configurations 
Height 
cm 
Height 
cm 
Water 
volume 
Mass 
(kg) 
Sensitivity 
(cps/kBq) 
Background 
count 
Minimum 
detectable 
count rate 
(cps) 
MDA 
(Bq) 
150 
60% 41.675 10.250 3500 0.185 18.001 18.001 
80% 51.700 8.838 3484 0.184 20.826 20.826 
100% 61.725 7.788 3450 0.183 23.518 23.518 
1 layer 71.725 7.142 3546 0.186 26.001 26.001 
2 layers 81.725 6.638 3317 0.180 27.058 27.058 
3 layers 91.725 6.485 3430 0.183 28.165 28.165 
160 
60% 46.763 9.970 3498 0.184 18.500 18.500 
80% 58.484 8.511 3480 0.184 21.617 21.617 
100% 70.205 7.484 3446 0.183 24.459 24.459 
1 layer 82.205 6.767 3541 0.186 27.424 27.424 
2 layers 94.205 6.358 3311 0.179 28.224 28.224 
3 layers 106.205 6.154 3423 0.182 29.650 29.650 
170 
60% 47.411 9.636 3444 0.183 18.992 18.992 
80% 59.348 8.130 3562 0.186 22.892 22.892 
100% 71.285 7.249 3478 0.184 25.370 25.370 
1 layer 83.285 6.656 3498 0.184 27.712 27.712 
2 layers 95.285 6.308 3355 0.181 28.636 28.636 
3 layers 107.285 5.908 3427 0.183 30.903 30.903 
180 
60% 49.571 9.120 3443 0.183 20.062 20.062 
80% 61.076 8.135 3561 0.186 22.875 22.875 
100% 73.445 6.960 3527 0.185 26.609 26.609 
1 layer 85.445 6.433 3483 0.184 28.609 28.609 
2 layers 97.445 6.248 3534 0.185 29.668 29.668 
3 layers 109.445 5.871 3436 0.183 31.134 31.134 
190 
60% 53.147 9.123 3441 0.183 20.052 20.052 
80% 66.996 7.527 3565 0.186 24.738 24.738 
100% 80.845 6.499 3537 0.185 28.538 28.538 
1 layer 94.845 6.058 3515 0.185 30.522 30.522 
2 layers 108.845 5.811 3555 0.186 31.994 31.994 
3 layers 122.845 5.463 3471 0.184 33.635 33.635 
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6.8.3 Discussion 
The Cardiff whole body counter was calibrated experimentally for 137Cs body content 
with a point source technique using an anthropomorphic phantom. The range of 
phantom heights and weights was similar to that used in the 40K calibration. The 
phantom mass range started from that corresponding to water at 60% capacity for two 
reasons: first, this volume was equivalent to 41.7 kg, which was close to the minimum 
weight of healthy people (Frisancho 1990), and second, a lower volume (e.g. 40%) 
would not properly cover the point source with water. 
In general, the calibration factor F of the whole body counter decreased significantly 
(P<0.01) with phantom mass for all the phantom heights, while body height had weak 
impact on it (Figure 6-4). Logarithmic regression analysis was done for the five 
phantom heights combined (Figure 6-5). Statistical analysis showed that the 
coefficient of determination (R2) and standard error of estimate values for the 
combined heights were similar for those of the individual heights (Tables 6-2 and 6-
3). Therefore, the combined height regression may be used to determine the calibration 
factor for anyone whose weight is known. 
The count rate in the 137Cs Compton energy band was considered, and the ratio of this 
count rate to that of the photopeak was determined for different phantom masses. The 
Compton band fell within the range 250-450 keV, for which the annihilation radiation 
peak (511 keV) and the backscatter peak (~200 keV) were avoided. The results showed 
that the Compton to photopeak count rate ratio increased significantly (P<0.01) with 
phantom mass for all the phantom heights (Figure 6-6). However, height had a very 
small impact (P>0.05) on the calibration factor. Therefore, a regression of the 
calibration factor with C/p ratio for all phantom heights combined was justified (Figure 
6-7). Statistical analysis showed that the R2 and S.E.E values of the regressions of 
Compton to photopeak count rate ratio with phantom mass were similar for the 
individual and combined phantom heights (Table 6-4). 
The strong association between C/p ratio and phantom mass suggested that the former 
could be used as alternative index of subject size to determine the calibration factor F. 
The counter sensitivity F decreased significantly with the C/p ratio for all the phantom 
heights (Figure 6-8). The effect of the phantom height on F was very weak (P>0.05). 
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Logarithmic regression analysis was done for the five phantom heights combined 
(Figure 6-9). The correlation coefficient and standard error of estimate values of the 
calibration factor for the combined heights and the individual heights were similar 
(Table 6-5). 
Statistical analysis showed that the calibration factor F derived by the alternative 
method had a larger R2 and lower S.E.E than those derived by the conventional 
method. Therefore, the new method would give better results. This method may be 
used when the subject weight is not available.  
One of the limitations of the 137Cs calibration was the fact that a point source was used, 
whereas ingested caesium is distributed inside the body in same manner as potassium. 
The 40K calibration results indicated that the point source technique underestimates the 
calibration factor by about 5-11% and hence the same is likely to be the case for 137Cs. 
The effect of phantom mass on the background count rate in the 137Cs energy window 
was studied (section 4-6-2). The background count rate decreased from 3.62 to 3.60 
counts/sec (reduction of 0.35 %) when the phantom mass increased from 46 to 94 kg. 
This difference produces an error of up to 0.57% for the 137Cs calibration, if this 
reduction is not considered. 
The contribution of 40K to the count rate in the 137Cs window was studied, and the 
results showed that this effect increased significantly with the phantom mass with up 
to 28% of the 40K count rate appearing in the 137Cs window. Therefore, correction 
should be made to obtain a reliable measurement of 137Cs. 
Finally, the theoretical 137Cs minimum detectable activity (MDA) for the Cardiff 
whole body counter for all phantom configurations was determined. The theoretical 
MDA increased linearly with phantom mass (Figure 6-12). The MDA values for 137Cs 
were very close with those of Elessawi (2010), and the adjusted values in Table 6-8, 
except for two institutions, which used mobile WBCs installed in trucks. The values 
of MDA for these instruments were higher than for stationary WBCs. 
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7.1 Introduction 
The purpose of this chapter is to describe a practical method for calibrating the Cardiff 
whole body counter for whole body and neck content of 131I, following medical 
treatment or ingestion as a consequence of accidental release. An anthropomorphic 
phantom was used as a well-established method of calibration. 
7.2 Properties of I-131 
Iodine-131 is one of the most important radioisotopes of iodine for use in nuclear 
medicine and industry; the others are 123I and 125I. Iodine-131 was discovered in 1938 
by Glenn Seaborg and John Livingood at the University of California, while the first 
production took place in 1949 in France (Halperin et al. 2013). 
Radioiodine-131 is also associated with nuclear energy; it has played a significant role 
as a radioactive contaminant when released as a fission product in nuclear weapons 
tests and nuclear accidents. It is one of the major fission products of uranium-
238, plutonium-239 and uranium-233, comprising nearly 3% of the total product of 
fission by weight. Typically, radioiodine-131 has an activity that is 1,400 times greater 
than that of 137Cs, but it disappears quickly (Simon et al. 2006). 
Iodine-131 has a half-life of 8.02 days, and decays by beta and gamma emission. It 
releases about 971 keV of its decay energy to transform into a stable isotope of 
xenon (131Xe) in two steps (Skugor and Wilder 2006). 
I54
                     131  → 𝛽 + ῡ𝑒 + 𝑋54
131 𝑒∗ + 606 keV ……………..   7-1 
𝑋54
                    131 𝑒∗  → 𝑋54
131 𝑒 +  𝛾 + 364 keV    ……………… 7-2 
Radioiodine-131 emits a beta particle and an antineutrino with a maximum energy of 
606 keV in 89% of disintegrations, and a 364 keV gamma photon in 81% of 
disintegrations, as shown in Figure 7-1. 
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Figure 7-1: Iodine-131 decay scheme. 
In nuclear medicine, iodine-131 has been used for diagnostic and treatment 
procedures, including studying the functioning of the thyroid gland and for treating 
hyperthyroidism and thyroid cancer. In industry, it has been used as a radioactive tracer 
for hydrology and leak detection (Halperin et al. 2013). 
Iodine enters the human body through ingestion, inhalation, or penetration through the 
skin. Once in the body, it is concentrated in the thyroid gland (IAEA 1988; NCRP 
1985). A high activity of 131I in a contaminated environment from radioactive fallout 
gives a high radiation dose to the thyroid. Thus, there is an increased chance of 
radiogenic thyroid cancer occurring in later life or at least the possibility of thyroiditis 
(Rivkees et al. 1998). 
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7.3 Measurement of I-131 
The quantity of iodine within the body can be assessed through two techniques: in vivo 
and in vitro measurements. In vivo measurements can directly quantify internally 
deposited radio iodine using a thyroid counter or a whole body counter. Such 
measurements are commonly used to assess the body content of iodine radioisotopes, 
but cannot measure stable isotopes. On the other hand, in vitro measurements may be 
used to estimate internally deposited iodine, both the stable and radioactive isotopes. 
In vitro measurements are performed by analysing iodine in urine or other human 
samples, such as faeces, tissue, blood, serum and hair (Gautier 1983). In vitro analyses 
of iodine are routinely made when in vivo analyses cannot be obtained or to support 
an in vivo measurement programme. 
With in vivo techniques, a thyroid counter or whole body counter is employed in the 
detection and quantification of the 346 keV gamma rays emitted by 131I. These 
radiation counters commonly utilise sodium iodide (NaI), hyper pure germanium or 
organic liquid scintillation detectors. Calibration of these systems is achieved using a 
neck phantom or whole body phantom (Jonsson and Mattsson 1998). Radioiodine 
standards are measured either as point sources along the phantom or, more typically, 
dissolved within water-filled phantoms. Comparisons of the actual counting rates 
obtained from the phantom to the known activity of the radioiodine standards are used 
to determine the sensitivity of the counting technique and, thus, provide the basis for 
calibration. 
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7.4 Calibration of the Cardiff whole body counter for 131I 
As mentioned above, iodine and its radioisotopes may enter the human body through 
ingestion, inhalation or penetration through the skin, and once inside the body, they 
preferentially accumulate in the thyroid gland. Therefore, the calibration of the Cardiff 
whole body counter was performed for both total body and neck content of 131I using 
a BOMAB phantom and a point source technique. The point source technique was 
used because there is a potential risk that the phantom may leak and contaminate the 
counter. The response of the counter (the calibration factor F) was expressed in terms 
of the count rate per unit activity of 131I. The effect of internal body attenuation of the 
gamma radiation was determined by calculating the ratio of the count rate in the 
Compton band to that in the photopeak. This ratio was used as an alternative method 
of calibration for determining the body content of 131I. In addition, the effect of the 
Compton band overlap with the photopeak was considered (section 2.7.3), and the 
count rate in the photopeak corrected for this overlap. 
7.5 Calibration for total body content of 131I 
The calibration was performed using a point source technique with the same range of 
Bush phantom heights and weights that was used in the 137Cs calibration. The sources 
were hung at the centre of all the compartments of the phantom. 
7.5.1 Method 
A standard 170 cm Bush phantom was used as a reference configuration and a total of 
about 20 kBq of 131I was used as a reference activity. The activity of the 131I stock 
solution was measured using a secondary standard radionuclide calibrator (FIDELIS 
from Southern Scientific Ltd., Lancing, England and National Physical Laboratory, 
Teddington, England). The point sources were prepared in Schott vials and assigned 
to each compartment in proportion to the volume of the compartment (Table 7-1). The 
point sources were hung at the centre of each compartment, usually filled with water 
to 60% capacity. The phantom was placed on the bed and scanned once at a scan speed 
of 0.3 cm/s. Figure 7-2 illustrates a 131I spectrum recorded with the Cardiff whole body 
counter; the spectrum was obtained with a 170 cm Bush phantom filled to full capacity 
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with water. This spectrum shows two counting windows: the photopeak (P) and the 
Compton band (C) in the range of 160-230 keV.  
The gross count rate was measured with point sources present in the phantom, while 
the background count rate was measured with an empty bed. The measurements were 
made with a 131I energy window, which was twice the FWHM of the photopeak 
(section 4.3). The net count rate was calculated by subtracting the gross count rate 
from the background count rate. The calibration factor (sensitivity) was determined as 
the net count rate divided by the source activity. In the case of elongated phantoms, 
the additional compartments contained the same activity of 131I as the same 
compartments in the standard phantom. The mass of the phantom was sequentially 
increased with water to 80% and 100% capacity, and with three layers of plastic bags 
filled with water. This was similar to the method used for the 40K calibration with 
uniformly distributed sources.  
The results were corrected for the overlap of the Compton region with the photopeak. 
The correction was made as follows (Figure 7-3). The average counts per channel from 
a total of 20 channels was calculated: 10 starting from five channels below the low 
energy end of the window and moving to lower energies, and 10 starting from five 
channels above the high energy end of the photopeak window and moving to higher 
energies. The counts were then multiplied by the number of channels in the photopeak 
to obtain the total counts of that part of the Compton band lying within the photopeak 
window. The sensitivity of this Compton band was determined from the total counts 
divided by the activity. The Compton overlap sensitivity was subtracted from the 
photopeak sensitivity to give the corrected value.  
No correction to the background count rate due to subject mass was applied (section 
4.6.2). 
The activities of the point sources were corrected for the radioactive decay that 
occurred over the course of the experimental work. 
In addition, because the radioiodine decayed during the counting time, the count rate 
was corrected to the beginning of each measurement, using the following equation 
                          𝑅0 =
𝜆𝐶
1−𝑒−𝜆𝑡
   ………………………………7-3 
Chapter 7:                                                                                                                    Calibration for 131I 
 
 
147 
  
where Rο is the initial count rate at the beginning of the measurement, λ is the decay 
constant, C is a number of counts accumulated in the photopeak and t is the acquisition 
time (in sec).  
As for 40K and 137Cs, linear and logarithmic functions were used to investigate the 
dependence of the calibration factor on various indices of body size: mass (M), 
mass/height (M/H) and (M/H)1/2. 
Table 7-1: Activity of 131I point sources in each Bush phantom compartment 
according to compartment volume 
compartment 
Water 
volume (l) 
Activity 
(kBq) 
Head 3.430 1.125 
Neck 1.080 0.350 
Thorax 16.775 5.643 
Abdomen 9.560 3.225 
Right arm 3.880 1.420 
Left arm 3.880 1.317 
Right thigh 6.265 2.936 
Left thigh 6.265 2.096 
Right leg 4.275 1.391 
Left leg 4.275 1.389 
Total  59.685 20.892 
 
 
Figure 7-2: Actual 131I spectrum recorded with the Cardiff whole body counter 
with a Bush phantom of 170 cm height and full water capacity (P = photopeak 
window, C = Compton band window) 
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Figure 7-3: Correction of 131I photopeak for the overlap of the Compton region  
7.5.2 Results 
The variation of the calibration factor F with phantom mass for the different phantom 
heights, corrected and not corrected for the Compton band overlap, is shown in Figures 
7-4 and 7-6 respectively. As before, each graph is composed of a family of curves 
representing the variation of response for phantoms of different mass but constant 
height. The corresponding regression equations, R-squared values, standard error of 
estimate and P values are shown in Tables 7-2 and 7-4 respectively. 
The variation of the calibration factor with phantom mass for all heights combined 
with and without correction for the Compton band overlap is shown in Figures 7-5 and 
7-7 respectively. The corresponding regression equations, R-squared values, standard 
error of estimate and P values are shown in Tables 7-3 and 7-5 respectively.  
The logarithmic regression of calibration factor with phantom mass gave the best 
correlation in all cases. 
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Figure 7-4: Variation of 131I body content calibration factor (corrected for 
Compton band overlap) with phantom mass for the five individual phantom 
heights 
 
 
Figure 7-5: Variation of the 131I body content calibration factor (corrected for 
Compton band overlap) with phantom mass for all heights combined 
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Table 7-2: Linear and logarithmic regressions of the calibration factor for 131I 
body content (corrected for Compton band overlap) with phantom mass for the 
five individual phantom heights 
Phantom 
height 
(cm) 
Function Regression equation R2 
S.E.E 
(cps/kBq) 
P value 
150 
Linear 
F = -0.0872(M) + 12.038 0.909 0.579 0.0032 
F = -17.446(M/H)1/2 + 17.739 0.937 0.480 0.0015 
Logarithmic F = -5.700ln(M) + 29.968 0.960 0.385 <0.001 
160 
Linear 
F = -0.0752(M) + 11.515 0.915 0.570 0.0028 
F = -16.537(M/H)1/2 + 7.143 0.945 0.459 0.0012 
Logarithmic F = -5.628ln(M) + 29.958 0.969 0.347 <0.001 
170 
Linear 
F = -0.0692(M) + 10.966 0.942 0.431 0.0013 
F = -15.767(M/H)1/2 + 6.166 0.965 0.333 <0.001 
Logarithmic F = -5.199ln(M) + 28.026 0.982 0.241 <0.001 
180 
Linear 
F = -0.0709(M) + 11.386 0.944 0.434 0.0012 
F = -16.894(M/H)1/2 + 6.867 0.967 0.334 <0.001 
Logarithmic F = -5.483ln(M) + 29.551 0.984 0.235 <0.001 
190 
Linear 
F = -0.0589(M) + 10.243 0.907 0.550 0.0033 
F = -15.164(M/H)1/2 + 5.317 0.939 0.446 0.0014 
Logarithmic F = -5.075ln(M) + 27.576 0.965 0.339 <0.001 
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Table 7-3: Linear and logarithmic regressions of the calibration factor for 131I 
body content (corrected for Compton band overlap) with phantom mass for the 
five phantom heights combined 
Regression equation R2 
S.E.E 
(cps/kBq) 
P value 
F = -0.0702(M) + 11.053 0.904 0.512 <0.001 
F = -5.391ln(M) + 28.843 0.957 0.343 <0.001 
F = -12.073(M/H) + 11.133 0.945 0.652 <0.001 
F = -5.409ln(M/H) + 1.177 0.881 0.553 <0.001 
F = -16.317(M/H)1/2 + 16.545 0.890 0.597 <0.001 
F = -10.818ln(M/H)1/2+ 1.177 0.888 0.553 <0.001 
 
 
Figure 7-6: Variation of the 131I body content calibration factor (not corrected 
for Compton band overlap) with phantom mass for the five individual phantom 
heights 
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Table 7-4: Linear and logarithmic regressions of the calibration factor for 131I 
body content (not corrected for Compton band overlap) with phantom mass for 
the five individual phantom heights 
Phantom 
height 
(cm) 
Function Regression equation R2 
S.E.E 
(cps/kBq) 
P 
value 
150 
Linear 
F = -0.108(M) + 17.018 0.937 0.581 0.0016 
F = -21.445(M)1/2 + 4.004 0.961 0.461 <0.001 
Logarithmic F = -6.985ln(M) + 38.943 0.978 0.349 <0.001 
160 
Linear 
F = -0.092(M) + 16.254 0.941 0.570 0.0013 
F = -20.045(M)1/2 + 3.052 0.965 0.437 <0.001 
Logarithmic F = -6.799ln(M) + 38.489 0.983 0.308 <0.001 
170 
Linear 
F = -0.084(M) + 15.579 0.953 0.467 <0.001 
F = -19.169(M)1/2 + 1.888 0.973 0.353 <0.001 
Logarithmic F = -6.309ln(M) + 36.254 0.986 0.255 <0.001 
180 
Linear 
F = -0.088(M) + 16.244 0.956 0.470 <0.001 
F = -20.820(M)1/2 + 2.986 0.976 0.348 <0.001 
Logarithmic F = -6.746ln(M) + 38.566 0.990 0.230 <0.001 
190 
Linear 
F = -0.072(M) + 14.536 0.931 0.576 0.0019 
F = -18.527(M)1/2 + 0.717 0.957 0.451 <0.001 
Logarithmic F = -6.180ln(M) + 35.608 0.977 0.330 <0.001 
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Figure 7-7: Variation of the 131I body content calibration factor (not corrected 
for Compton band overlap) with phantom mass for all phantom heights 
combined 
Table 7-5: Linear and logarithmic regressions of the calibration factor for 131I 
body content (not corrected for Compton band overlap) with phantom mass for 
the five phantom heights combined 
Regression equation R2 
S.E.E 
(cps/kBq) 
P value 
F = -0.0852(M) + 15.742 0.925 0.543 <0.001 
F = -6.516ln(M) + 37.217 0.971 0.339 <0.001 
F = -14.780(M/H) + 15.896 0.879 0.690 <0.001 
F = -6.590ln(M/H) + 3.734 0.915 0.578 <0.001 
F = -19.929(M/H)1/2 + 22.490 0.901 0.626 <0.001 
F = -13.180ln(M/H)1/2 + 3.734 0.915 0.578 <0.001 
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7.6 Calibration for neck content of 131I 
The calibration for the neck content of 131I was done using a point source technique, 
in which one source was hung at the centre of the neck compartment of the phantom. 
7.6.1 Method 
A point source of activity 10.6 kBq and the same range of Bush phantom configuration 
was used for the calibration, with one exception. The phantom configuration with a 
height of 160 cm that was used for the calibration of 131I body content had no neck 
compartment, and so a new configuration of 160 cm nominal height (161.50 cm actual 
height) was employed. This configuration was similar to the 150 cm phantom height 
configuration but one neck compartment was added to each leg as an extension to 160 
cm nominal height. The point source was hung at the centre of the neck compartment 
only. The quantity and configuration of the water bags that were placed on the whole 
phantom were similar to those of the body content experiment, except in the case of 
the neck compartment (Table 7-6). In the previous calibrations, no bags were placed 
on the neck compartment. For this experiment, water bags of 50 ml capacity was used 
as follows: one bag over the neck (first layer), one bag over the neck and one bag under 
the neck (second layer), and one bag on each side of the neck in addition to the bags 
of the second layer (third layer). The other steps of the neck experiment were the same 
as those used for the total body content experiment. 
Again, linear and logarithmic functions were used to investigate the dependence of the 
calibration factor on the indices of body size.  
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Table 7-6: The Bush phantom height and weight configurations used for the 131I 
neck content calibration 
Nominal 
phantom 
height 
(cm) 
Phantom mass (kg) 
20% 40% 60% 80% 100% 1 layer 2 layers 3 layers 
150 20.625 30.650 40.675 50.700 60.725 70.725 80.725 90.725 
160 21.057 31.514 41.971 52.428 62.885 72.885 82.885 92.885 
170 22.537 34.474 46.411 58.348 70.285 82.285 94.285 106.285 
180 22.969 35.338 47.707 60.076 72.445 84.445 96.445 108.445 
190 24.449 38.298 52.147 65.996 79.845 93.845 107.845 121.845 
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7.6.2 Results 
The variation of the calibration factor F with phantom mass for the different phantom 
heights, with and without correction for the Compton band overlap, is shown in 
Figures 7-8 and 7-10 respectively. The regression equation, R-squared value, standard 
error of estimate and P values of each curve are shown in Table 7-7 and Table 7-9. 
The regressions of the calibration factor with phantom mass for all heights combined 
with and without correction for the Compton band overlap are shown in Figures 7-9 
and 7-11 respectively. The regression equation, R-squared value, standard error of 
estimate and P values of all the phantom heights combined are shown in Table 7-8 and 
7-10 respectively.  
The logarithmic regression of calibration factor with phantom mass gave the best 
correlation. 
 
 
Figure 7-8: Variation of 131I neck content calibration factor (corrected for 
Compton band overlap) with phantom mass for the five individual phantom 
heights 
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Table 7-7: Linear and logarithmic regressions of the calibration factor for 131I 
neck content (corrected for Compton band overlap) with phantom mass for the 
five individual phantom heights 
 
Phantom 
height 
(cm) 
Function Regression equation R2 
S.E.E 
(cps/kBq) 
P value 
150 
Linear 
F = -0.064(M) + 12.029 0.944 0.326 0.0012 
F = -12.725(M/H)1/2 + 16.172 0.966 0.254 <0.001 
Logarithmic F = -4.143ln(M) + 5.030 0.982 0.185 <0.001 
160 
Linear 
F = -0.051(M) + 11.311 0.923 0.367 0.0023 
F = -11.219(M/H)1/2 + 15.124 0.956 0.294 <0.001 
Logarithmic F = -3.813ln(M) + 23.797 0.972 0.222 <0.001 
170 
Linear 
F = -0.052(M) + 11.033 0.894 0.445 0.0044 
F = -11.795(M/H)1/2 + 14.937 0.923 0.380 0.0023 
Logarithmic F = -3.905ln(M) + 23.875 0.946 0.318 0.0011 
180 
Linear 
F = -0.049(M) + 10.682 0.930 0.335 0.0019 
F = -11.566(M/H)1/2 + 14.439 0.954 0.270 <0.001 
Logarithmic F = -3.757ln(M) + 23.138 0.973 0.209 <0.001 
190 
Linear 
F = -0.045(M) + 10.249 0.960 0.265 <0.001 
F = -11.355(M/H)1/2 + 14.02 0.979 0.191 <0.001 
Logarithmic F = -3.772ln(M) + 23.076 0.991 0.125 <0.001 
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Figure 7-9: Variation of 131I neck content calibration factor (corrected for 
Compton band overlap) with phantom mass for all phantom heights combined  
Table 7-8: Linear and logarithmic regressions of the calibration factor for 131I 
neck content (corrected for Compton band overlap) with phantom mass for the 
five phantom heights combined 
Regression equation R2 
S.E.E 
(cps/kBq) 
P-value 
F = -0.0533(M) + 11.160 0.888 0.424 <0.001 
F = -4.0805ln(M) + 24.610 0.933 0.329 <0.001 
F = -8.724(M/H) + 10.999 0.740 0.646 <0.001 
F = -3.888ln(M/H) + 3.822 0.777 0.599 <0.001 
F = -11.758(M/H)1/2 + 14.888 0.761 0.620 <0.001 
F = -7.777ln(M/H)1/2 + 3.822 0.777 0.599 <0.001 
 
 
Chapter 7:                                                                                                                    Calibration for 131I 
 
 
159 
  
 
Figure 7-10: Variation of 131I neck content calibration factor (not corrected for 
Compton band overlap) with phantom mass for the five individual phantom 
heights 
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Table 7-9: Linear and logarithmic regressions of the calibration factor for 131I 
neck content (not corrected for Compton band overlap) with phantom mass for 
the five individual phantom heights 
Phantom 
height 
(cm) 
Function Regression equation R2 
S.E.E 
(cps/kBq) 
P value 
150 
Linear 
F = -0.072(M) + 16.091 0.936 0.390 0.0016 
F = -14.264(M/H)1/2 + 20.739 0.960 0.308 <0.001 
Logarithmic F = -4.649ln(M) + 0.690 0.979 0.226 <0.001 
160 
Linear 
F = -0.059(M) + 15.274 0.923 0.422 0.0023 
F = -12.911(M/H)1/2 + 19.660 0.950 0.340 <0.001 
Logarithmic F = -4.387ln(M) + 9.637 0.971 0.259 <0.001 
170 
Linear 
F = -0.060(M) + 14.956 0.898 0.506 0.0040 
F = -13.701(M/H)1/2 + 19.489 0.927 0.429 0.0021 
Logarithmic F = -4.533ln(M) + 29.862 0.949 0.358 <0.001 
180 
Linear 
F = -0.058(M) + 14.438 0.924 0.417 0.0022 
F = -13.786(M/H)1/2 + 18.915 0.948 0.344 0.0010 
Logarithmic F = -4.479ln(M) + 29.285 0.966 0.277 <0.001 
190 
Linear 
F = -0.0521(M) + 13.783 0.953 0.338 <0.001 
F = -13.317(M/H)1/2 + 18.210 0.974 0.251 <0.001 
Logarithmic F = -4.428ln(M) + 28.849 0.988 0.173 <0.001 
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Figure 7-11: Variation of 131I neck content calibration factor (not corrected for 
Compton band overlap) with phantom mass for all phantom heights combined  
Table 7-10: Linear and logarithmic regressions of the calibration factor for 131I 
neck content (not corrected for Compton band overlap) with phantom mass for 
the five phantom heights combined 
Regression equation R2 
S.E.E 
(cps/kBq) 
P-value 
F = -0.0640(M) + 15.205 0.856 0.587 <0.001 
F = -4.882ln(M) + 31.283 0.894 0.505 <0.001 
F = -10.121(M/H) + 14.852 0.667 0.894 <0.001 
F = -4.510ln(M/H) + 6.528 0.670 0.849 <0.001 
F = -13.638(M/H)1/2 + 19.363 0.686 0.869 <0.001 
F = -9.0192ln(M/H)1/2 + 6.528 0.670 0.849 <0.001 
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7.7 Compton to photopeak count rate ratio 
The effect of phantom mass on the attenuation of gamma photons and the relative 
number of detected counts in the Compton region was considered for both total body 
and neck content of 131I in similar way to that of 40K and 137Cs.  
7.7.1 Method  
The dependence of the Compton to photopeak count rate ratio on phantom mass was 
determined for a Compton energy band within the range of 160-230 keV for both total 
body and neck content. A logarithmic regression was used to analyse the results.  
7.7.2 Total body content of 131I 
The variation of the Compton to photopeak count rate ratio with phantom mass for the 
total body content of 131I, corrected and not corrected for Compton band overlap, is 
shown in Figures 7-12 and 7-14 respectively for the five individual phantom heights. 
The variation of this ratio for all the heights combined with and without overlap 
correction are shown in Figures 7-13 and 7-15 respectively. The corresponding 
regression equations, R-squared values, standard error of estimate and P values are 
shown in Table 7-11 and Table 7-12.  
 
Figure 7-12: Variation of Compton to photopeak count rate ratio (corrected for 
Compton band overlap) with phantom mass at the five individual phantom 
heights for the body content of 131I 
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Figure 7-13: Variation of Compton to photopeak count rate ratio (corrected for 
Compton band overlap) with phantom mass at all phantom heights combined 
for the body content of 131I 
Table 7-11: Logarithmic regressions, R-squared values and P values for the 
variation of Compton to photopeak count rate ratio with phantom mass 
(corrected for Compton band overlap) for individual and combined phantom 
heights for the body content of 131I 
Phantom 
height (cm) 
Regression equation R2 S.E.E P-value 
150 C/p = 0.704ln(M) - 1.748 0.968 0.0422 <0.001 
160 C/p = 0.794ln(M) - 2.169 0.982 0.0368 <0.001 
170 C/p = 0.761ln(M) - 2.028 0.994 0.0208 <0.001 
180 C/p = 0.743ln(M) - 1.983 0.996 0.0149 <0.001 
190 C/p = 0.818ln(M) - 2.357 0.984 0.0364 <0.001 
Combined  C/p = 0.727ln(M) - 1.895 0.952 0.0491 <0.001 
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Figure 7-14: Variation of Compton to photopeak count rate ratio (not corrected 
for Compton band overlap) with phantom mass at the five individual phantom 
heights for the body content of 131I 
 
Figure 7-15: Variation of Compton to photopeak count rate ratio (not corrected 
for Compton band overlap) with phantom mass at all phantom heights 
combined for the body content of 131I 
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Table 7-12: Logarithmic regressions, R-squared values and P values for the 
variation of Compton to photopeak count rate ratio with phantom mass (not 
corrected for Compton band overlap) for individual and combined phantom 
heights for the body content of 131I 
Phantom 
height (cm) 
Regression equation R2 S.E.E P-value 
150 C/p = 0.309ln(M) - 0.555 0.985 0.0126 <0.001 
160 C/p = 0.330ln(M) - 0.665 0.980 0.0161 <0.001 
170 C/p = 0.306ln(M) - 0.562 0.989 0.0111 <0.001 
180 C/p = 0.298ln(M) - 0.539 0.995 0.0072 <0.001 
190 C/p = 0.336ln(M) - 0.725 0.976 0.0186 <0.001 
Combined  C/p = 0.297ln(M) - 0.528 0.945 0.0215 <0.001 
 
7.7.3 Neck content of 131I 
The variation of the Compton to photopeak count rate ratio with phantom mass for the 
neck content of 131I, corrected and not corrected for the Compton band overlap, is 
shown in Figures 7-16 and 7-18 respectively for the five individual phantom heights. 
The regressions of this ratio for both cases, corrected and not corrected for the 
Compton band overlap, for all phantom heights combined are shown in Figures 7-17 
and 7-19 respectively. The corresponding regression equations, R-squared values, 
standard error of estimate and P values are shown in Table 7-13 and Table 7-14. 
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Figure 7-16: Variation of Compton to photopeak count rate ratio (corrected for 
Compton band overlap) with phantom mass at the five individual phantom 
heights for the neck content of 131I 
 
Figure 7-17: Variation of Compton to photopeak count rate ratio (corrected for 
Compton band overlap) with phantom mass at all phantom heights combined 
for the neck content of 131I 
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Table 7-13: Logarithmic regressions, R-squared values and P values for the 
variation of Compton to photopeak count rate ratio with phantom mass 
(corrected for Compton band overlap) for individual and combined phantom 
heights for the neck content of 131I 
Phantom 
height (cm) 
Regression equation R2 S.E.E P-value 
150 C/p = 0.342ln(M) - 0.575 0.983 0.0147 <0.001 
160 C/p = 0.340ln(M) - 0.603 0.995 0.0079 <0.001 
170 C/p = 0.349ln(M) - 0.636 0.979 0.0175 <0.001 
180 C/p = 0.360ln(M) - 0.704 0.991 0.0111 <0.001 
190 C/p = 0.367ln(M) - 0.740 0.990 0.0127 <0.001 
Combined  C/p = 0.328ln(M) - 0.550 0.939 0.0252 <0.001 
 
 
 
Figure 7-18: Variation of Compton to photopeak count rate ratio (not corrected 
for Compton band overlap) with phantom mass at the five individual phantom 
heights for the neck content of 131I 
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Figure 7-19: Variation of Compton to photopeak count rate ratio (not corrected 
for Compton band overlap) with phantom mass at all phantom heights 
combined for the neck content of 131I 
Table 7-14: Logarithmic regressions, R-squared values and P values for the 
variation of Compton to photopeak count rate ratio with phantom mass (not 
corrected for Compton band overlap) for individual and combined phantom 
heights for the neck content of 131I 
Phantom 
height 
(cm) 
Regression equation R2 S.E.E P-value 
150 C/p = 0.167ln(M) - 0.115 0.977 0.00841 <0.001 
160 C/p = 0.174ln(M) - 0.163 0.993 0.00489 <0.001 
170 C/p = 0.176ln(M) - 0.169 0.983 0.00792 <0.001 
180 C/p = 0.191ln(M) - 0.239 0.994 0.00483 <0.001 
190 C/p = 0.182ln(M) - 0.206 0.974 0.01045 <0.001 
Combined  C/p = 0.168ln(M) - 0.135 0.948 0.01184 <0.001 
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7.8 Dependence of F on Compton to photopeak count rate ratio 
for 131I 
An alternative approach, the variation of the calibration factor with the Compton to 
photopeak count rate ratio, was investigated for both the total body and the neck 
content of 131I. This method may be used when subject measurements of weight and 
height are not available for some reason. 
7.8.1 Total body content of 131I 
The variation of the calibration factor with the Compton to photopeak count rate ratio 
for each individual height, corrected and not corrected for Compton band overlap, is 
shown in Figures 7-20 and 7-22 respectively. The variation of the calibration factor 
with the Compton to photopeak count rate ratio for all phantom heights combined is 
shown in Figures 7-21 and 7-23 respectively. The corresponding regression equations, 
R-squared values, standard error of estimate and P values are shown in Table 7-15 and 
Table 7-16 respectively. With correction for Compton band overlap, logarithmic 
regression was the best. However, without correction neither linear nor logarithmic 
was best in all cases. 
 
 Figure 7-20: Variation of the 131I body content calibration factor (corrected for 
Compton band overlap) with the Compton to photopeak count rate ratio for the 
five individual phantom heights 
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Figure 7-21: Variation of the 131I body content calibration factor (corrected for 
Compton band overlap) with the Compton to photopeak count rate ratio for all 
phantom heights combined 
Table 7-15: Linear and logarithmic regressions of the 131I body content 
calibration factor (corrected for Compton band overlap) with C/p ratio for the 
individual and combined phantom heights  
Phantom 
height (cm) 
Regression equation R2 
S.E.E 
(cps/kBq) 
P-value 
150 
F = -8.107(C/p) + 15.835 0.994 0.143 <0.001 
F = -9.100ln(C/p) + 7.644 0.999 0.059 <0.001 
160 
F = -7.125(C/p) + 14.619 0.996 0.094 <0.001 
F = -8.237ln(C/p) + 7.408 0.999 0.051 <0.001 
170 
F = -6.853(C/p) + 14.193 0.994 0.143 <0.001 
F = -8.176ln(C/p) + 7.324 1.000 0.037 <0.001 
180 
F = -7.386(C/p) + 14.942 0.989 0.194 <0.001 
F = -8.823ln(C/p) + 7.558 0.998 0.079 <0.001 
190 
F = -6.244(C/p) + 13.010 0.994 0.144 <0.001 
F = -7.361ln(C/p) + 6.698 0.999 0.062 <0.001 
Combined 
F = -7.140(C/p) + 14.536 0.971 0.277 <0.001 
F = -8.360ln(C/p) + 7.343 0.974 0.260 <0.001 
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Figure 7-22: Variation of the 131I body content calibration factor (not corrected 
for Compton band overlap) with the Compton to photopeak count rate ratio for 
the five individual phantom heights 
 
 
Figure 7-23: Variation of the 131I body content calibration factor (not corrected 
for Compton band overlap) with the Compton to photopeak count rate ratio for 
all phantom heights combined 
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Table 7-16: Linear and logarithmic regressions of the 131I body content 
calibration factor (not corrected for Compton band overlap) with C/p for the 
individual and combined phantom heights 
Phantom 
height (cm) 
Regression equation R2 
S.E.E 
(cps/kBq) 
P-value 
150 
F = -22.615(C/p) + 26.468 0.995 0.159 <0.001 
F = -16.051ln(C/p) + 4.795 0.996 0.135 <0.001 
160 
F = -20.553(C/p) + 24.765 0.998 0.093 <0.001 
F = -14.695ln(C/p) + 4.999 0.993 0.200 <0.001 
170 
F = -20.618(C/p) + 24.695 1.000 0.046 <0.001 
F = -15.067ln(C/p) + 4.791 0.997 0.115 <0.001 
180 
F = -22.700(C/p) + 26.410 0.998 0.093 <0.001 
F = -16.606ln(C/p) + 4.506 0.999 0.064 <0.001 
190 
F = -18.354(C/p) + 22.242 0.997 0.112 <0.001 
F = -13.277ln(C/p) + 4.529 0.992 0.200 <0.001 
Combined  
F = -21.168(C/p) + 25.077 0.959 0.404 <0.001 
F = -15.260ln(C/p) + 4.697 0.953 0.431 <0.001 
 
7.8.2 Neck content of 131I 
The variation of the calibration factor with the Compton to photopeak count rate ratio 
for each individual height, corrected and not corrected for the Compton band overlap, 
is shown in Figures 7-24 and 7-26 respectively. The variation of the calibration factor 
with the Compton to photopeak count rate ratio for all phantom heights combined is 
shown in Figures 7-25 and 7-27 respectively. The corresponding regression equations, 
R-squared values, standard error of estimate and P values are shown in Table 7-17 and 
Table 7-18 respectively. With correction for Compton band overlap, logarithmic 
regression was the best. However, without correction neither linear nor logarithmic 
was best in all cases. 
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Figure 7-24: Variation of the 131I neck content calibration factor (corrected for 
Compton band overlap) with the Compton to photopeak count rate ratio for the 
five individual phantom heights 
 
Figure 7-25: Variation of the 131I neck content calibration factor (corrected for 
Compton band overlap) with the Compton to photopeak count rate ratio for all 
phantom heights combined 
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Table 7-17: Linear and logarithmic regressions of the 131I neck content 
calibration factor (corrected for Compton band overlap) with C/p ratio for the 
individual and combined phantom heights 
Phantom 
height (cm) 
Regression equation R2 
S.E.E 
(cps/kBq) 
P-value 
150 
F = -12.051(C/p) + 18.021 0.990 0.137 <0.001 
F = -10.000ln(C/p) + 6.090 0.996 0.086 <0.001 
160 
F = -11.196(C/p) + 17.025 0.974 0.216 <0.001 
F = -14.573ln(C/p) + 2.951 0.984 0.193 <0.001 
170 
F = -11.289(C/p) + 16.853 0.984 0.171 <0.001 
F = -9.501ln(C/p) + 5.645 0.992 0.123 <0.001 
180 
F = -10.961(C/p) + 16.097 0.968 0.239 <0.001 
F = -9.162ln(C/p) + 5.226 0.980 0.191 <0.001 
190 
F = -10.218(C/p) + 15.304 0.997 0.068 <0.001 
F = -8.783ln(C/p) + 5.122 0.999 0.046 <0.001 
Combined  
F = -11.397(C/p) + 16.908 0.870 0.448 <0.001 
F = -9.553ln(C/p) + 5.601 0.871 0.445 <0.001 
 
 
 
Chapter 7:                                                                                                                    Calibration for 131I 
 
 
175 
  
 
Figure 7-26: Variation of the 131I neck content calibration factor (not corrected 
for Compton band overlap) with the Compton to photopeak count rate ratio for 
the five individual phantom heights 
 
Figure 7-27: Variation of the 131I neck content calibration factor (not corrected 
for Compton band overlap) with the Compton to photopeak count rate ratio for 
all phantom heights combined 
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Table 7-18: Linear and logarithmic regressions of the 131I neck content 
calibration factor (not corrected for Compton band overlap) with C/p ratio for 
the individual and combined phantom heights 
Phantom 
height (cm) 
Regression equation R2 
S.E.E 
(cps/kBq) 
P-value 
150 
F = -27.792(C/p) + 27.431 0.995 0.107 <0.001 
F = -15.731ln(C/p) + 2.693 0.997 0.086 <0.001 
160 
F = -25.135(C/p) + 25.520 0.975 0.242 <0.001 
F = -14.573ln(C/p) + 2.951 0.984 0.193 <0.001 
170 
F = -26.057(C/p) + 25.659 0.986 0.189 <0.001 
F = -14.957ln(C/p) + 2.340 0.989 0.163 <0.001 
180 
F = -24.516(C/p) + 24.104 0.962 0.307 <0.001 
F = -14.144ln(C/p) + 2.122 0.972 0.267 <0.001 
190 
F = -24.021(C/p) + 23.583 0.998 0.068 <0.001 
F = -14.013ln(C/p) + 1.954 0.995 0.115 <0.001 
Combined  
F = -26.583(C/p) + 25.923 0.921 0.643 <0.001 
F = -15.256ln(C/p) + 2.134 0.819 0.646 <0.001 
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7.9 Contribution of 40K to the 131I counting window 
Due to the presence of 40K in the human body and gamma photon scattering in the 
tissues, a fraction of the count rate in the 40K counting window appears in the 131I 
counting window. Therefore, the body content of 131I should be corrected for the 
contribution of the 40K Compton continuum; this may be expressed in terms of a 40K 
correction ratio. Measurements were made from 40K phantom spectra (section 5-4) 
with no 131I source present, for the five phantom configurations with different masses 
and heights. 
7.9.1 Method  
Similar to 137Cs, the fraction of the count rate in the 40K photopeak window that 
appeared in the 131I photopeak window was calculated from the 40K calibration 
measurements (section 5-4) with no 131I source present. These measurements were 
made for the five phantom configurations. Linear regression was used to analyse the 
results. Standard error (S.E) of the 131I/40K count rate fraction was calculated for four 
measurements at each phantom height. 
7.9.2 Results 
The variation of the ratio of the net count rate in the 131I photopeak window to that in 
the 40K photopeak window with phantom mass for the five individual phantom heights 
is shown in Figure 7-28. The corresponding variation for all heights combined is 
shown in Figure 7-29. The count rate values are shown in Table 7-19. 
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Figure 7-28: Variation of the fraction of the 40K count rate appearing in the 131I 
window as a function of phantom mass for the five individual phantom heights 
 
Figure 7-29: Variation of the fraction of the 40K count rate appearing in the 131I 
window as a function of phantom mass for all five phantom heights combined 
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Table 7-19: Contribution of the 40K count rate to the 131I window according to 
phantom mass for the five phantom heights 
Height 
cm 
Water 
volume 
Mass 
(kg) 
40K count 
rate in 131I 
window 
40K count 
rate in 40K 
window 
Ratio of    
131I/40K 
S.E 
150 
60% 41.515 3.622 11.436 0.317 0.00813 
80% 51.540 3.582 10.677 0.335 0.00655 
100% 61.565 3.547 10.082 0.352 0.00901 
1 layer 71.565 3.470 9.362 0.371 0.00490 
2 layers 81.565 3.383 8.721 0.388 0.00532 
3 layers 91.565 3.329 8.331 0.400 0.01071 
160 
60% 46.745 4.375 12.926 0.338 0.00517 
80% 58.466 4.279 12.116 0.353 0.00570 
100% 70.187 4.110 11.556 0.356 0.00761 
1 layer 82.187 3.951 10.644 0.371 0.00633 
2 layers 94.187 3.873 9.887 0.392 0.00537 
3 layers 106.187 3.683 9.296 0.396 0.00804 
170 
60% 47.411 4.205 12.965 0.324 0.00611 
80% 59.348 4.163 11.979 0.348 0.00574 
100% 71.285 4.140 11.558 0.358 0.01046 
1 layer 83.285 3.992 10.628 0.376 0.00464 
2 layers 95.285 3.888 9.945 0.391 0.00446 
3 layers 107.285 3.753 9.405 0.399 0.00964 
180 
60% 48.743 4.656 13.322 0.350 0.00503 
80% 61.112 4.440 12.429 0.357 0.00503 
100% 73.481 4.182 11.665 0.358 0.00752 
1 layer 85.481 3.998 10.678 0.374 0.00933 
2 layers 97.481 4.001 10.095 0.396 0.00614 
3 layers 109.481 4.260 10.086 0.422 0.00930 
190 
60% 53.307 4.847 14.351 0.338 0.00582 
80% 67.156 4.752 13.475 0.353 0.00412 
100% 81.005 4.650 12.693 0.366 0.00725 
1 layer 95.005 4.406 11.514 0.383 0.00770 
2 layers 109.005 4.369 10.932 0.400 0.00768 
3 layers 123.005 3.962 9.563 0.414 0.01420 
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7.10 Minimum detectable activity (MDA) 
In addition to 40K and 137Cs, the MDA of the Cardiff whole body counter was 
determined for 131I, but for both total body and neck content. 
Many investigators have determined the MDA for the in vivo measurement of thyroid 
or total body 131I content. Table 7-20 shows the MDAs for the direct measurement of 
131I in the thyroid or total body for several selected European facilities. All the 
determinations were carried out from analysis of the 364.5 keV photopeak in the 
gamma spectrum, with variations in counting time and geometric factor (Lopez Ponte 
et al. 2004). 
Table 7-20: MDA of 131I for some European facilities performing thyroid 
monitoring 
Institution 
Size of detectors 
(mm) 
Distance 
(cm) 
Geometry and 
time (s) of 
measurement 
Type of 
phantom for 
calibration 
MDA 
(Bq) 
Adjusted* 
MDA 
(Bq) 
Prüfstelle für Strahlenschutz, 
Landeskrankenhaus-
Universitatsklinikum Graz 
At-AR 
54.4 (diam) x 
62.8  1 HpGe 
12 person, 1000 
Thyroid neck 
phantom 
43 44 
Central Laboratory for 
Radiological Protection 
76 (diam) x 76         
1 NaI(Tl) 
15 person, 1000 
RSD type 
RS-542 
30 31 
A.K. St Georg Abteilung für 
Nuklearmedizin 
2 inch (diam) x 2 
inch, 1 NaI(Tl) 
5 phantom, 600 
Neck 
phantom 
34 27 
CIEMAT 
 
203 (diam) x 102 
1 NaI(Tl) 
- person, 600 
ANSI neck 
phantom 
30 24 
Ospedale Niguarda 
Ca’Granda–Servizio di Fisica 
Sanitaria 
50 (diam) x 50 
1 NaI(Tl) 
20 phantom, 360 
IAEA-ANSI 
thyroid 
90 55 
Radiation Protection 
Department, Bohunice NPP 
45 (diam) x 50, 
1 NaI(Tl) 
15 phantom, 600 
IAEA-ANSI 
neck 
calibration 
phantom 
170 134 
KFKI Atomic Energy 
Research Institute 
40 (diam) x 40, 
1 NaI(Tl) 
- phantom, 500 
IAEA-ANSI 
neck 
phantom 
100 72 
Lab Servizio Fisica Sanitaria 
del Policlinico, Universitario 
Agostino Gemelli 
Inorganic 
scintillator 
20 phantom, 900 
Thyroid 
phantom 
80 77 
*Adjusted MDA was calculated according to the 962 s time used for calculating MDA of this study. 
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7.10.1 Method  
Similar to 40K and 137Cs, the theoretical MDA of the Cardiff whole body counter was 
calculated for 131I at a scan speed of 0.3 cm/s (962 s live time). Data were taken from 
the 131I calibration measurements for the five Bush phantom heights, for both total 
body and neck content. MDA was calculated according to equation 2-15 (section 
2.8.3). Linear regression was used to analyse the variation of the theoretical MDA with 
phantom mass. 
7.10.2 Total body content 
Linear regressions of the variation of the theoretical 131I body content MDA with body 
mass for the five height configurations are shown in Figure 7-30. The corresponding 
sensitivity and MDA values are shown in Table 7-21. 
 
Figure 7-30: Variation of 131I body content MDA with phantom mass for the five 
phantom configurations 
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Table 7-21: MDA and sensitivity values for 131I body content at the various 
phantom configurations 
Height 
cm 
Water 
volume 
Phantom 
mass 
(kg) 
Sensitivity 
(cps/kBq) 
Background 
(count) 
Minimum 
detectable 
count rate 
(cps) 
MDA 
(Bq) 
150 
60% 41.675 8.926 5851 0.239 26.724 
80% 51.700 7.575 5851 0.239 31.490 
100% 61.725 6.198 5756 0.237 38.176 
1 layer 71.725 5.157 5756 0.237 45.883 
2 layers 81.725 4.777 5756 0.237 49.530 
3 layers 91.725 4.708 5756 0.237 50.258 
160 
60% 46.763 8.622 5851 0.239 27.666 
80% 58.484 6.989 5851 0.239 34.133 
100% 70.205 5.759 5756 0.237 41.081 
1 layer 82.205 4.789 5756 0.237 49.402 
2 layers 94.205 4.337 5756 0.237 54.547 
3 layers 106.205 4.131 5756 0.237 57.274 
170 
60% 47.411 8.083 5851 0.239 29.511 
80% 59.348 6.899 5851 0.239 34.579 
100% 71.285 5.632 5756 0.237 42.007 
1 layer 83.285 4.756 5756 0.237 49.746 
2 layers 95.285 4.305 5756 0.237 54.954 
3 layers 107.285 4.009 5756 0.237 59.021 
180 
60% 49.571 8.327 5851 0.239 28.648 
80% 61.076 7.017 5851 0.239 33.994 
100% 73.445 5.775 5756 0.237 40.970 
1 layer 85.445 4.893 5756 0.237 48.354 
2 layers 97.445 4.477 5756 0.237 52.850 
3 layers 109.445 4.065 5756 0.237 58.197 
190 
60% 53.147 7.734 5851 0.239 30.842 
80% 66.996 6.121 5851 0.239 38.968 
100% 80.845 5.030 5756 0.237 47.034 
1 layer 94.845 4.150 5756 0.237 57.009 
2 layers 108.845 3.744 5756 0.237 63.194 
3 layers 122.845 3.578 5756 0.237 66.121 
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7.10.3 Neck content 
Linear regression of the variation of the theoretical 131I neck content MDA with body 
mass for the five height configurations are shown in Figure 7-31. The corresponding 
sensitivity and MDA values are shown in Tables 7-22. 
 
Figure 7-31: Variation of 131I neck content MDA with phantom mass for the five 
phantom configurations 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 7:                                                                                                                    Calibration for 131I 
 
 
184 
  
Table 7-22: MDA and sensitivity values for 131I neck content at the various 
phantom configurations 
Height 
cm 
Water 
volume 
Mass 
(kg) 
Sensitivity 
(cps/kBq) 
Background 
(count) 
Minimum 
detectable 
count rate 
(cps) 
MDA 
(Bq) 
150 
60% 41.675 9.701 5871 0.239 24.632 
80% 51.700 8.733 5871 0.239 27.361 
100% 61.725 7.710 5746 0.236 30.660 
1 layer 71.725 7.150 5746 0.236 33.062 
2 layers 81.725 6.887 5746 0.236 34.325 
3 layers 91.725 6.450 5746 0.236 36.652 
160 
60% 46.763 9.312 5871 0.239 25.661 
80% 58.484 8.309 5871 0.239 28.759 
100% 70.205 7.263 5746 0.236 32.547 
1 layer 82.205 6.853 5746 0.236 34.496 
2 layers 94.205 6.507 5746 0.236 36.326 
3 layers 106.205 6.211 5746 0.236 38.059 
170 
60% 47.411 8.995 5871 0.239 26.563 
80% 59.348 8.057 5871 0.239 29.656 
100% 71.285 6.668 5746 0.236 35.453 
1 layer 83.285 6.550 5746 0.236 36.089 
2 layers 95.285 6.162 5746 0.236 38.363 
3 layers 107.285 5.828 5746 0.236 40.561 
180 
60% 49.571 8.590 5871 0.239 27.816 
80% 61.076 7.783 5871 0.239 30.702 
100% 73.445 6.673 5746 0.236 35.424 
1 layer 85.445 6.335 5746 0.236 37.318 
2 layers 97.445 5.923 5746 0.236 39.908 
3 layers 109.445 5.697 5746 0.236 41.497 
190 
60% 53.147 8.149 5871 0.239 29.323 
80% 66.996 7.247 5871 0.239 32.971 
100% 80.845 6.447 5746 0.236 36.665 
1 layer 94.845 5.706 5746 0.236 41.428 
2 layers 108.845 5.451 5746 0.236 43.366 
3 layers 122.845 5.032 5746 0.236 46.978 
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7.11 Discussion 
In addition to 40K and 137Cs, the Cardiff whole-body counter was calibrated 
experimentally for 131I content. The calibration was done using a point source 
technique over a wide range of Bush phantom heights and weights. Since iodine enters 
the body through food and preferentially accumulates in the thyroid, the calibration 
was performed for both total body and neck content of 131I. The range of phantom 
heights and weights used for the calibration was similar to that used in the 40K and 
137Cs calibration, except for the 160 cm height configuration in the case of neck 
calibration. The body configuration with 160 cm height, which was used in the 
previous calibrations, had no neck compartment. Therefore, a new configuration was 
constructed for the neck calibration only. 
Count rate in the Compton region of the spectrum is affected by the distribution of 
activity in the source and the presence scattering material, and this effect becomes 
important with low energy gamma photons (Palmer et al. 1970). Therefore, for the 131I 
calibration, net count rate in the photopeak region and counter calibration factor F 
(sensitivity) were corrected for the overlap of the Compton region with the photopeak. 
In general, the calibration factor F (sensitivity) of the whole body counter decreased 
significantly (P<0.01) with body mass. However, phantom height had only a weak 
effect on the calibration factor (P>0.05); this was the case for both total body and neck 
content (Figure 7-4 for total body content and Figure 7-8 for neck content). Therefore, 
a regression analysis of the variation of the calibration factor with phantom mass for 
all the phantom heights combined was made. The coefficient of determination (R2) and 
standard error of estimate values of the calibration factor obtained with combined 
heights were very close to those obtained with individual heights. Correction for 
Compton band overlap had effect on the little strength of the relationship calibration 
factor and mass in the case of individual phantom heights or combined height for total 
body content calibration, while for neck content calibration, it strengthened the 
relationship in the case of combined height only. 
The variation of the ratio of the count rate in the 131I Compton band to that in the 
photopeak with body mass was determined. The results showed that this ratio 
increased significantly (P>0.01) with phantom mass for all the phantom heights 
(Figure 7-12 for total body content and Figure 7-16 for neck content), while the height 
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had a weak effect on the ratio (P>0.01). Therefore, a regression analysis for the five 
combined phantom heights was done. This regression gave results similar to those for 
the individual heights, except in case of neck content calibration not corrected for 
Compton band overlap.  
The alternative method of using the variation of the calibration factor with the 
Compton to photopeak count rate ratio was investigated for determining total body and 
neck content of 131I. The results showed that the counter sensitivity decreased 
significantly (P<0.01) with the ratio (Figure 7-20 for total body content and Figure 7-
24 for neck content). The height had very weak impact (P>0.05) on the calibration 
factor. Regression analysis for the five phantom heights combined was done (Figure 
7-21 for total body content and Figure 7-25 for neck content). These regressions had 
relatively weak correlation coefficient and high standard error of estimate values 
compared with those of the individual heights. On the other hand, statistical analysis 
showed that the new method had relatively less error and stronger correlation 
compared with those of the conventional method, for both total body and neck content; 
this was the case for individual heights only.  
During the counting period, the 131I count rate decreased exponentially with time. 
Therefore, its value was referenced to the start time of counting. The correction was 
done using a multiplicative correction factor (equation 7-3) that converted the recorded 
uncorrected count rate to the corrected value at the start of the counting period (Nir-
El, 2013). 
Phantom mass had no effect on the background count rate in the 131I energy window 
(section 4-6-2). Therefore, no background correction based on subject mass was 
applied, unlike the situation for 40K and 137Cs. 
The contribution of the 40K count rate to the 131I counting window was studied. The 
results showed that the ratio of the net count rate in the 131I window to that in the 40K 
window increased significantly with body mass (Figure 7-28), with a maximum value 
of about 42%. Therefore, correction should be made to obtain a reliable 131I 
measurement. 
Finally, the theoretical MDA of the Cardiff whole body counter for 131I increased 
linearly with phantom mass for all the phantom configurations for both total body and 
neck content measurement (Figures 7-30 and 7-31). The results in both cases were 
very close to those in the literature. 
  187   
  
Chapter 8 
 
 
 
 
Discussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 8:                                                                                                                                 Discussion  
 
188 
 
8.1 Introduction 
Radioactivity is a part of everyday life for everyone. Humans have always been 
exposed to natural background radiation arising from the Earth and from outside the 
Earth. They are also exposed to man-made radiation, such as that used for diagnosis 
or due to fallout from accidents at nuclear facilities (Mason 2002). Both sources of 
radiation increase radiation dose to individuals and organisms in the natural 
environment and have the same biological effects. In the United Kingdom, the 
radiation dose received from human activity is generally small compared with that 
from naturally occurring radionuclides (Harrison and Phipps 2002). 
Some radionuclides in the environment can access the human body through inhalation 
or through ingestion in food or drinking water. Potassium-40 and carbon-14, for 
example, are the primary natural sources of radiation in the human body. Artificial 
radionuclides that enter the body, such as 137Cs, 134Cs and 131I, come from nuclear 
weapons fallout and nuclear accidents. Many of these radionuclides emit gamma 
photons, which can be detected externally to determine their content in the body 
(Youssef et al. 1999). 
Whole body counters are a type of equipment that has been used for the detection and 
measurement of minute amounts of natural or accidentally released artificial 
radioactivity. Such counters have also been used to measure the absorption and 
retention of radionuclides administered for medical diagnostic or therapeutic purposes 
(Andrews et al. 1973). The performance of this equipment can be expressed in terms 
of several characteristics, such as energy resolution, MDA, counting efficiency and 
shielding. 
The Cardiff whole body counter at the University Hospital of Wales consists of six 
cylindrical Nal(Tl) scintillation detectors in a shielded room; each crystal is 10.2 cm 
in diameter by 15.2 cm thick. The counter is designed to measure radioactivity in all 
parts of the intact organism with equal sensitivity. In this study, the counter was 
calibrated for three radionuclides: naturally occurring 40K and artificial 137Cs and 131I. 
The measurement of 40K is done to determine total body potassium, while that of 137Cs 
and 131I is usually due to asses increased radiation dose following environmental 
contamination. The calibration was performed using an anthropomorphic Bush 
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phantom and a combination of extended and point sources. In addition to the 
calibration, the performance of the Cardiff whole body counter was determined in 
terms of several characteristics. 
8.2 Performance of the Cardiff whole body counter 
The performance of the Cardiff whole body counter was determined in terms of several 
parameters. 
8.2.1 Optimum counting Window 
In order to improve the limit of detection of a counting system and hence achieve 
precise and accurate calibration, an optimum counting window should be selected. The 
optimum counting windows of the Cardiff whole body counter for the three 
radionuclides 40K, 137Cs and 131I were determined by various methods. A window of 
twice the FWHM of the photopeak, which integrates 98% of the detected counts in the 
photopeak, was chosen as the best option according to the criteria of maximum source 
count rate with minimum background count rate. 
8.2.2 Energy resolution 
The energy resolution of the Cardiff whole body counter was determined for the three 
radionuclides 40K, 137Cs and 131I. The values obtained were 7.32, 9.97, and 12.50 % 
respectively. The energy resolution for the 137Cs photopeak concurs with the British 
Standard of 10% for scintillation detector-based instruments (British Standards 
Institution 2006). 
8.2.3 Scan Speed 
For scanning whole body counters that work with a variable scan speed system, 
measurement sensitivity and accuracy could be affected by changing the scan speed. 
The Cardiff whole body counter works with this kind of system. Ideally, the detected 
count rate per unit activity should be stable for different scan speeds. 
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The variation of count rate with scan speed was determined using a 137Cs source at five 
different positions in the WBC chamber: front, 1st quarter, centre, 3rd quarter, and the 
end. The gross source count rate was measured in scanning mode at five different scan 
speeds of 0.15, 0.2, 0.5, 0.7 and 1.0 cm/s, while the background count rate was 
measured at a scan speed of 0.5 cm/s. 
Linear regression analysis indicated that the net count rate increased significantly 
(p<0.05) with scan speed for the combination of all five source positions. The 
regression equation could be used to give the increase in net count rate per unit scan 
speed. Regarding individual source positions, two different phenomena appeared 
inside the whole body counter chamber. The count rate increased significantly 
(p<0.01) with increasing scan speed at the extremities of the chamber (front and end), 
and decreased significantly (p<0.05) in the central positions (1st quarter, centre, and 
3rd quarter). A cobalt-60 source placed at the centre position of the WBC chamber was 
chosen to confirm the validity of the 137Cs results. The 60Co count rate decreased 
linearly (p<0.01) with scan speed similarly to that of 137Cs. In general, the results 
showed that there was no agreement with the hypothesis that the detected count rate 
was constant at all scan speeds. Therefore, one value of scan speed was (0.3 cm/s) 
adopted for the measurement discussed in the thesis. 
The reason for the variation in the count rate with scan speed could be due to the 
acceleration and deceleration of the motor system at the beginning and end of each 
scan. 
8.2.4 Background count rate 
The background count rate inside the Cardiff whole body counter chamber was 
assessed in terms of stability with time and position and the effect of phantom mass. 
8.2.4.1 Variations  
One important potential source of error in whole body counting measurements is the 
background radiation. In this study, the background count rate was measured at 
different positions of the detectors. 
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The stability of the background count rate inside the Cardiff whole body counter room 
was determined over a 2-month period. The measurements were made at five different 
positions along the WBC chamber in stationary mode, with and without the patient 
bed, for the 40K, 137Cs and 131I energy windows. The results showed that the 
background count rate in the centre was greater than that at the other positions and 
greater with the patient bed than without it, for all three radionuclides. The difference 
in the background count rate was statistically significant (P<0.01) between the centre 
and the end, but the difference was not significant between the front and the centre of 
the shielded room. This was true with and without the patient bed and for all three 
radionuclides. These results suggest that there is better shielding against external 
radiation at the closed end, while the higher count rate at the front is likely to be due 
to the penetration of radiation through the door overlap and the door hinges. 
In general, the background count rate was greater with the patient bed than without it, 
for the three energy windows. It was greatest for the 131I counting window and least 
for the 40K counting window at all positions in the chamber. Therefore, it is 
recommended that the room background be measured with the bed before any subject 
measurement is performed. 
8.2.4.2 Effect of phantom mass 
Background radiation reaching the detectors with a subject or phantom in position is 
less than that in the absence of a subject, because the body attenuates some of the 
radiation (Hansen and Allen 1996). Therefore, the background count rate should be 
corrected for the effect of subject mass in order to determine an accurate net source 
count rate and hence the total body content of radioactivity. The correction factor was 
determined using a standard height Bush phantom for the 40K, 137Cs and 131I energy 
windows. Linear regression analysis showed that the background decreased linearly 
(P<0.05) with subject mass for the 40K and 137Cs counting windows only. However, 
there was no systematic effect (P = 0.451) for the 131I energy window.  
Therefore, the regression equations derived for 40K and 137Cs were used to correct the 
background count rate for energy windows of these radionuclides, but no correction 
was applied for 131I. 
Chapter 8:                                                                                                                                 Discussion  
 
192 
 
In addition to the three radionuclide energy windows, the effect of subject mass on the 
background count rate was investigated along the energy scale. Ten energy windows 
each of 200 keV width were studied to confirm the validity of the previous results and 
to investigate the effect of subject mass at other energies (Appendix A). The results 
showed agreement with those obtained for the three radionuclide energy windows. 
8.3 Comparison of calibration results for the three radionuclides 
The Cardiff whole body counter was calibrated experimentally for three radionuclides 
(40K, 137Cs and 131I) using a wide range of Bush phantom height and weight 
configurations and extended and point sources of radioactivity. The phantom size 
range was adopted according to the data of Frisancho (1990) for the height and weight 
of healthy people. For 40K calibration, both extended and point sources were 
employed, while only point sources were used for 137Cs and 131I calibration. 
In general, the calibration factor F decreased significantly (P<0.01) with phantom 
mass for the three radionuclides, at all values of phantom height. However, the height 
itself had a very small impact (P>0.05) on the calibration factor. Therefore, regression 
analysis was also done for calibration factor with phantom mass for all phantom 
heights combined. The regressions gave similar results in both cases with similarity of 
the coefficient of determination (R2) and standard error of estimate.   
The count rate in the Compton energy band for the three radionuclides was considered. 
The variation of the Compton to photopeak count rate ratio with phantom mass was 
investigated as a measure of gamma photon attenuation. For the three radionuclides, 
the Compton to photopeak count rate ratio increased significantly (P<0.01) with 
phantom mass, while the height had a very weak impact (P>0.05).  
This suggested that the Compton to photopeak count rate ratio could be used as an 
alternative to phantom mass to indicate the dependence of calibration factor F on 
subject size. This could be used as alternative approach to calibration.  
In general, the counter sensitivity decreased significantly (P<0.01) with Compton to 
photopeak count rate ratio, for all the phantom height configurations. The effect of 
height on the calibration factor was very weak (P>0.05). Regression analysis was done 
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for calibration factor with Compton to photopeak count rate ratio, for all phantom 
heights combined. 
In general, the results showed that, in the case of individual phantom heights, the 
calibration factor derived by both the alternative method and the conventional method 
in case of individual heights, had similar coefficient of determination and standard 
error of estimate values for the 40K and 131I calibrations. However, for the 137Cs 
calibration, the calibration factor F derived by the alternative method had a greater 
coefficient of determination value and lower standard error of estimate value than 
those of the conventional method. Therefore, the new method would give better results 
for 137Cs, which was not the case for 40K and 131I calibration. The alternative method 
may be used when subject weight is not available for some reason. By scanning a 
person once, the total body activity can be calculated from the ratio of the count rate 
in the photopeak and Compton regions and the corresponding value of F. 
To test the various calibration equations, they were used to calculate the mass of 
potassium and the activity of 137Cs and 131I in the standard Bush phantom configuration 
(170 cm height and 71 kg mass were filled to 10% capacity). For potassium, the mean 
(SD) of the measurements of net count rate from the calibration work was used. For 
137Cs and 131I, the SD of the net count rate was calculating using counting statistics and 
the rules for the propagation of errors.  
Calibration factor F and its SD (SEE) were obtained from the regression equations for 
height of 170 cm or combined heights at a mass of 71 kg or the corresponding Compton 
to photopeak count rate ratio. The difference between the calculated and actual values 
were expressed in g of K or kB, as a percentage and as a number of SDs. The results 
are shown in Tables 8-1, 8-2 and 8-3. 
 
 
 
 
 
 
 
Chapter 8:                                                                                                                                 Discussion  
 
194 
 
A
ltern
ativ
e-co
m
b
in
ed
 
h
eig
h
t w
ith
o
u
t 1
3
7C
s 
p
h
o
to
p
eak
 
A
ltern
ativ
e-co
m
b
in
ed
 
h
eig
h
t w
ith
 1
3
7C
s 
p
h
o
to
p
eak
 
A
ltern
ativ
e-in
d
iv
id
u
al 
h
eig
h
t w
ith
o
u
t 1
3
7C
s 
p
h
o
to
p
eak
 
A
ltern
ativ
e-in
d
iv
id
u
al 
h
eig
h
t w
ith
 1
3
7C
s    
p
h
o
to
p
eak
 
C
o
n
v
en
tio
n
al-
co
m
b
in
ed
 h
eig
h
t 
co
n
v
en
tio
n
al-
in
d
iv
id
u
al h
eig
h
t 
L
in
ear R
eg
ressio
n
 
1
1
.4
4
6 
1
1
.4
4
6 
1
1
.4
4
6 
1
1
.4
4
6 
1
1
.4
4
6 
1
1
.4
4
6
 
N
C
R
 
(cp
s) 
0
.1
6
2 
0
.1
6
2 
0
.1
6
2 
0
.1
6
2 
0
.1
6
2 
0
.1
6
2
 
S
D
N
C
R  
(cp
s) 
0
.0
2
1
3
 
0
.0
2
1
0
 
0
.0
2
1
3
 
0
.0
2
1
3
 
0
.0
2
2
0
 
0
.0
2
1
1
 
F
         
(cp
s/g
 o
f K
) 
0
.0
0
0
7
9
4
 
0
.0
0
0
8
8
3
 
0
.0
0
0
6
4
6
 
0
.0
0
0
8
0
1
 
0
.0
0
0
5
7
3
 
0
.0
0
0
4
4
0
 
S
D
F
   
 (cp
s/g
 o
f K
) 
5
3
7
.5
7
 
5
4
5
.9
6
 
5
3
8
.3
2
 
5
3
8
.2
7
 
5
2
0
.8
6
 
5
4
2
.2
2
 
C
alcu
lated
 
m
ass o
f K
 
(g
) 
2
1
.4
5
0
 
2
4
.2
6
6
 
1
8
.0
5
2
 
2
1
.6
6
8
 
1
5
.4
6
4
 
1
3
.6
7
4
 
S
D
m
ass 
(g
) 
1
0
.3
5
2
 
1
8
.7
4
7
 
1
1
.1
0
0
 
1
1
.0
5
3
 
-6
.3
5
6
 
1
4
.9
9
9
 
D
ifferen
ce 
(g
) 
1
.9
6
4
 
3
.5
5
6
 
2
.1
0
5
 
2
.0
9
6
 
-1
.2
0
6
 
2
.8
4
5
 
P
ercen
t 
d
ifferen
ce 
0
.4
8
3
 
0
.7
7
3
 
0
.6
1
5
 
0
.5
1
0
 
-0
.4
1
1
 
1
.0
9
7
 
D
ifferen
ce 
as a n
o
. o
f 
S
D
s 
 
 
 
 
 
 
 
T
a
b
le 8
-1
: A
ctu
a
l er
ro
r a
n
d
 ca
lcu
la
ted
 m
a
ss o
f K
 a
n
d
 d
ifferen
c
es ex
p
re
ssed
 in
 a
b
so
lu
te u
n
its, a
s a
 p
ercen
ta
g
e 
a
n
d
 th
e n
u
m
b
er o
f sta
n
d
a
rd
 d
ev
ia
tio
n
s (a
ctu
a
l m
a
ss o
f K
 =
5
2
7
.2
1
8
 g
) 
  
Chapter 8:                                                                                                                                 Discussion  
 
195 
 
A
ltern
ativ
e-
in
d
iv
id
u
al h
eig
h
t  
A
ltern
ativ
e-
in
d
iv
id
u
al h
eig
h
t  
C
o
n
v
en
tio
n
al-
co
m
b
in
ed
 h
eig
h
t 
co
n
v
en
tio
n
al-
in
d
iv
id
u
al h
eig
h
t 
L
o
g
arith
m
ic 
R
eg
ressio
n
 
2
9
9
.5
5
3 
2
9
9
.5
5
3 
2
9
9
.5
5
3 
2
9
9
.5
5
3
 
N
C
R
 (cp
s) 
0
.1
9
7 
0
.1
9
7 
0
.1
9
7 
0
.1
9
7
 
S
D
N
C
R  
(cp
s) 
7
.4
4
0 
7
.4
4
3 
7
.5
1
2 
7
.5
1
2
 
F
         
(cp
s/g
 o
f K
) 
0
.1
6
6
 
0
.0
9
2
 
0
.2
8
1
 
0
.2
6
6
 
S
D
F
   
 (cp
s/g
 o
f K
) 
4
0
.2
6
2
 
4
0
.2
4
8
 
3
9
.8
7
8
 
3
9
.8
7
4
 
C
alcu
lated
 
activ
ity
 
(k
B
q
) 
0
.8
9
9
 
0
.4
9
8
 
1
.4
9
2
 
1
.4
1
2
 
S
D
A
 
(k
B
q
) 
0
.4
3
3
 
0
.4
1
9
 
0
.0
4
9
 
0
.0
4
5
 
D
ifferen
ce 
(k
B
q
) 
1
.0
8
6
 
1
.0
5
1
 
0
.1
2
3
 
0
.1
1
4
 
P
ercen
t 
d
ifferen
ce 
0
.4
8
1
 
0
.8
4
1
 
0
.0
3
3
 
0
.0
3
2
 
D
ifferen
ce 
as a n
o
. o
f 
S
D
s 
 
 
 
 
 
T
a
b
le 8
-2
: A
ctu
a
l er
ro
r a
n
d
 ca
lcu
la
ted
 a
ctiv
ity
 o
f 1
3
7C
s a
n
d
 d
ifferen
ces ex
p
r
essed
 in
 a
b
so
lu
te u
n
its, a
s a
 
p
ercen
ta
g
e a
n
d
 th
e n
u
m
b
er o
f sta
n
d
a
rd
 d
ev
ia
tio
n
s (a
ctu
a
l a
ctiv
ity
 o
f 1
3
7C
s =
 3
9
.8
2
9
 k
B
q
) 
 
Chapter 8:                                                                                                                                 Discussion  
 
196 
 
A
ltern
ativ
e-co
m
b
in
ed
 
h
eig
h
t-n
o
t co
rrected
 
fo
r o
v
erlap
 
A
ltern
ativ
e-co
m
b
in
ed
 
h
eig
h
t- co
rrected
 fo
r 
o
v
erlap
 
A
ltern
ativ
e-in
d
iv
id
u
al 
h
eig
h
t-n
o
t co
rrected
 
fo
r o
v
erlap
 
A
ltern
ativ
e-in
d
iv
id
u
al 
h
eig
h
t-co
rrected
 fo
r 
o
v
erlap
 
C
o
n
v
en
tio
n
al-
co
m
b
in
ed
 h
eig
h
t-n
o
t 
co
rrected
 fo
r o
v
erlap
 
C
o
n
v
en
tio
n
al-
co
m
b
in
ed
 h
eig
h
t- 
co
rrected
 fo
r o
v
erlap
 
C
o
n
v
en
tio
n
al-
in
d
iv
id
u
al h
eig
h
t-n
o
t 
co
rrected
 fo
r o
v
erlap
 
co
n
v
en
tio
n
al-
in
d
iv
id
u
al h
eig
h
t-
co
rrected
 fo
r o
v
erlap
 
L
o
g
arith
m
ic 
R
eg
ressio
n
 
1
6
2
.4
8
3
 
9
9
.4
5
6
 
1
6
2
.4
8
3 
9
9
.4
5
6 
1
6
2
.4
8
3 
9
9
.4
5
6 
1
6
2
.4
8
3 
9
9
.4
5
6
 
N
C
R
 
(cp
s) 
0
.4
2
6
 
0
.3
7
7
 
0
.4
2
6 
0
.3
7
7 
0
.4
2
6 
0
.3
7
7 
0
.4
2
6 
0
.3
7
7
 
S
D
N
C
R  
(cp
s) 
9
.3
0
8
 
5
.7
7
1
 
9
.2
5
4
 
5
.7
0
5
 
9
.4
1
5
 
5
.8
4
1
 
9
.3
3
5
 
5
.8
4
3
 
F
 
(cp
s/g
 o
f K
) 
0
.4
3
1
 
0
.2
6
0
 
0
.1
1
5
 
0
.0
3
7
 
0
.3
3
9
 
0
.3
4
3
 
0
.2
5
5
 
0
.2
4
1
 
S
D
F
 
(cp
s/g
 o
f K
) 
1
7
.4
5
6
 
1
7
.2
3
4
 
1
7
.5
5
7
 
1
7
.4
3
2
 
1
7
.2
5
7
 
1
7
.0
2
6
 
1
7
.4
0
5
 
1
7
.0
2
0
 
C
alcu
lated
 
activ
ity
 
(k
B
q
) 
0
.8
1
0
 
0
.7
7
9
 
0
.2
2
3
 
0
.1
3
1
 
0
,6
2
3
 
1
.0
0
2
 
0
.4
7
8
 
0
.7
0
5
 
S
D
A
 
(k
B
q
) 
-0
.2
0
3
 
-0
.4
2
5
 
-0
.1
0
1
 
-0
.2
2
6
 
-0
.4
0
1
 
-0
.6
3
2
 
-0
.2
5
3
 
-0
.6
3
8
 
D
ifferen
ce 
(k
B
q
) 
-1
.1
4
7
 
-2
.4
0
5
 
-0
.5
7
3
 
-1
.2
8
0
 
-2
.2
7
1
 
-3
.5
7
9
 
-1
.4
3
5
 
-3
.6
1
6
 
P
ercen
t 
d
ifferen
ce 
-0
.2
5
0
 
-0
.5
4
5
 
-0
.4
5
4
 
-1
.7
2
6
 
-0
.6
4
4
 
-0
.6
3
1
 
-0
.5
3
1
 
-0
.9
0
6
 
D
ifferen
ce 
as a n
o
. o
f 
S
D
s 
 
 
 
 
 
 
 
T
a
b
le 8
-3
: C
a
lcu
la
ted
 a
ctiv
ity
 o
f 1
3
1I a
n
d
 d
iffer
en
ces ex
p
ressed
 in
 a
b
so
lu
te u
n
its, a
s a
 p
ercen
ta
g
e a
n
d
 
th
e n
u
m
b
er o
f sta
n
d
a
rd
 d
ev
ia
tio
n
s (a
ctu
a
l a
ctiv
ity
 o
f 1
3
1I =
 1
7
.6
5
8
 k
B
q
) 
 
Chapter 8:                                                                                                                                 Discussion  
 
197 
 
For the determination of the mass of potassium, the difference using the conventional 
approach of obtaining F from phantom mass was 1-3%, using the alternative approach 
of obtaining F from the C/p ratio gave similar results. The same would be true for the 
activity of 40K.  
For the determination of the activity of 137Cs, the difference using the alternative 
approach, although small (≈1%), was ten times worse than that using the conventional 
method.  As regards the activity of 131I, the difference using the alternative approach 
were consistency less than those obtained with the conventional method. In all cases, 
difference were less than two SD of the calculated mass or activity.  
8.4 Contribution of 40K Compton continuum to the 137Cs and 131I 
counting windows 
Due to Compton scattering, a fraction of the 40K photopeak count rate appears in lower 
energy counting windows. For body content measurement, the net count rate in the 
137Cs and 131I counting windows should be corrected for this effect. The correction 
fraction was determined for the five phantom configurations for both radionuclides. 
The results showed that this effect is significant with about 28% and 42% of the 40K 
photopeak count rate appearing in the 137Cs and 131I energy windows respectively. 
Therefore, correction should be made to obtain a reliable measurement. 
8.5 Minimum detectable activity 
The theoretical MDA of the Cardiff whole body counter was determined for 40K, 137Cs 
and 131I at a scan speed of 0.3 cm/s (962 s live time), using the five Bush phantom 
configurations. In general, the theoretical MDA increased linearly with phantom mass 
for all the phantom configurations and for all three radionuclides. The Cardiff whole 
body counter MDA values for 137Cs and 131I were very close to those in the literature. 
However, the values for 40K were very difficult to compare with those of other 
researchers because the literature is sparse and shows great inconsistency, as the 
researchers have used counting systems with different characteristics and counting 
times. 
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8.6 Detection efficiency 
The detection efficiency (ε) of a counter refers to the efficiency of that counter to 
convert emissions from a radiation source into useful signals. This feature is 
considered one of the most important characteristics of the detector. When a γ-ray 
source of activity A (Bq) emits η of gamma photons per disintegration, the detection 
efficiency can be written as follows: 
                  ε = R / A η ……………………….………………….8-1 
 
where R is the net count rate recorded from this source. 
 
In general, it is preferable to have as large a detection efficiency as possible, so that a 
maximum counting rate can be obtained from a given activity. 
The detection efficiency is affected by several factors (Cherry et al. 2012), the most 
important of which are as follows: 
1. The geometric efficiency: This is the efficiency with which the detector intercepts 
the photons emitted from the source. This is dependent mostly on the detector size and 
the distance from the source to the detector. 
2. The intrinsic efficiency of the detector: This refers to the number of pulses recorded 
by the detector in relation to the number of photons striking it. This is dependent on 
detector thickness and composition and on the type and energy of the radiation being 
detected. 
3. Attenuation of radiation within the source itself, or by the material between the 
source and the radiation detector. 
8.6.1 Method  
The counting efficiency of the Cardiff whole body counter was determined for the 
three radionuclides for all five phantom heights (150, 160, 170, 180 and 190 cm). A 
limited range of phantom mass corresponding to the compartments being filled with 
water to 60% and 100% capacity and the addition of two layers of water bags were 
chosen for these measurements. The gamma emission probability (yield) values of the 
radionuclides were 0.107, 0.851 and 0.812 (Bq-s)-1 respectively for 40K (1461 keV), 
137Cs (662 keV) and 131I (364 keV) (ICRP 1983). The calculation of the 131I efficiency 
was made with no correction for the Compton continuum overlap. 
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8.6.2 Results 
The counting efficiency values for the three radionuclides and for the various phantom 
configurations are shown in Table 8-4. Plots of efficiency as a function of photon 
energy for these configurations are shown in Figure 8-1. 
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Figure 8-1: Counting efficiency of the Cardiff whole body counter as a function 
of photon energy at three different phantom masses and five different phantom 
heights: 150 cm (a), 160 cm (b), 170 cm (c), 180 cm (d) and 190 cm (e). 
 
 
 
 
 
(d) 
(e) 
(b) (a) 
(c) 
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8.6.3 Discussion 
The detection efficiency of the Cardiff whole body counter was determined for the 
three radionuclides 40K, 137Cs and 131I. Five Bush phantom heights of 150, 160, 170, 
180, and 190 cm, each with three masses corresponding to water volumes of 60%, 
100%, and two layers of water bags were chosen for these measurements.  
The results of the detection efficiency were displayed as a function of gamma photon 
energy. Figure 8-1 shows that the counting efficiency decreases with photon energy in 
an approximately exponential fashion for all the phantom masses and for all the 
phantom heights. For 131I, the efficiency was calculated with no correction for the 
Compton continuum overlap for consistency with the calculations for 40K and 137Cs. 
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8.7 Conclusion  
The conclusion of this research is divided into three parts: outcome, limitations and 
future work.  
8.7.1 Outcome of the research  
As explained in the previous chapters, calibration of a whole body counter for a 
particular radionuclide can be accomplished using three techniques: isotope dilution 
(for 40K and 137Cs), anthropomorphic phantoms and Monte Carlo simulation.  
The availability of three sets of BOMAB phantoms in the Medical Physics and Clinical 
Engineering Department in the University Hospital of Wales provided an opportunity 
to construct a wide range of height and weight configurations. These configurations 
were used to calibrate the Cardiff whole body counter for the radionuclides potassium-
40 (40K), caesium-137 (137Cs), and iodine-131 (131I) as distributed sources and as point 
sources.  
A new alternative method of determining the calibration factor F (the detector 
sensitivity) from the Compton to photopeak count rate ratio was proposed to determine 
the body content of radioactivity. In general, the alternative method performed well 
compared to the conventional approach. In addition to the calibration, the Cardiff 
whole body counter performance was determined as regards numerous characteristics. 
8.7.2 Limitation of the present study 
In general, calibration of a whole body counter using anthropomorphic phantoms has 
several practical disadvantages. These phantoms are available in limited sizes. Because 
the phantom is bulky, it is inconvenient to store and to transport separate phantoms for 
each radionuclide of interest. In addition, there is always a risk of the phantom leaking 
and possibly contaminating the whole body counter. The establishment of calibration 
factors for each radionuclide over a range of phantom heights and weights is not easy. 
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8.7.3 Future work 
As an alternative to the above, the calibration of the Cardiff whole body counter could 
be determined by the Monte Carlo simulation technique. A computational modelling 
code incorporating the characteristics and design of the Cardiff counter and various 
sizes of phantom may lead to more accurate calibration factors for a range of 
radionuclides in individual subjects, while also preventing the risk of contamination 
of the laboratory. However, this requires access to the simulation code, the sufficient 
computing power and training in the use of the technique. 
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A.1 Introduction  
The effect of phantom mass on the background count rate in the photopeak windows 
for 40K, 137Cs and 131I using a wide range of Bush phantom height configurations was 
discussed in section 4.6.2. This effect was also investigated in fixed energy windows 
along the energy scale from 1-2000 keV. Ten energy windows each of 200 keV width 
were used. This was done to confirm the validity of the results for the three 
radionuclide windows and to investigate the effect of phantom mass at other energies. 
A.2 Results 
Linear regressions of the reduction in background count rate versus phantom mass for 
the ten 200 keV counting windows are shown in Figures A-1 to A-10. Each point 
represents the mean of four trials at that phantom mass; the error bars represent SEM 
(standard error of the mean).  
 
Figure A-1: Reduction in background count rate versus total phantom mass for 
the energy window 1-200 keV 
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Figure A-2: Reduction in background count rate versus total phantom mass for 
the energy window 200-400 keV 
 
Figure A-3: Reduction in background count rate versus total phantom mass for 
the energy window 400-600 keV 
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Figure A-4: Reduction in background count rate versus total phantom mass for 
the energy window 600-800 keV 
 
Figure A-5: Reduction in background count rate versus total phantom mass for 
the energy window 800-1,000 keV 
 
Appendix A 
 
 
 
220 
 
 
Figure A-6: Reduction in background count rate versus total phantom mass for 
the energy window 1,000-1,200 keV 
 
 
Figure A-7: Reduction in background count rate versus total phantom mass for 
the energy window 1,200-1,400 keV 
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Figure A-8: Reduction in background count rate versus total phantom mass for 
the energy window 1,400-1,600 keV 
 
Figure A-9: Reduction in background count rate versus total phantom mass for 
the energy window 1,600-1,800 keV 
 
Appendix A 
 
 
 
222 
 
 
Figure A-10: Reduction in background count rate versus total phantom mass 
for the energy window 1,800-2,000 keV 
A.3 Discussion 
In addition to the three radionuclide photopeak energy windows, the effect of phantom 
mass on the background count rate was investigated along the energy scale in the range 
1-2,000 keV. Ten energy windows of 200 keV width were used to confirm the validity 
of the results for the three radionuclides windows and to investigate the effect of 
phantom mass at other energies.  
As the phantom mass increased, the background count rate decreased due to the 
shielding effect of water in the phantom. However, if there was any radioactivity in 
the water, this would have the effect of increasing the background count rate. The 
results in Figures A-1 to A-10 indicate the net effect of these two phenomena.  
Drinking water usually contains several natural radionuclides, the most abundant of 
which are uranium-238, uranium-234, radium-226, radon-222 and potassium-40 
(Table A). Their concentrations depend on the nature of the rocks and the minerals in 
contact with the water (Nuccetelli et al. 2012). There was a significant increase in the 
background count rate with body mass below 400 keV, which may indicate the effect 
of increasing activity of radionuclides in water. In general, there was a decrease in the 
background count rate above 400 keV, which was not significant for some energy 
windows. This suggests that the shielding effect of the water was dominant in this 
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range. The results were consistent with those for the 40K, 137Cs, and 131I photopeak 
windows. 
Table A: The most common radionuclides in drinking water 
Radionuclide Half-life Decay 
Photon 
energy keV 
Uranium-238 4.5x109 yrs. α, γ 
143 
163 
185 
205 
Thorium-232 1.4x1010 yrs. α, γ 59 
Radium-226 1602 yrs. α, γ 186 
Potassium-40 1.28x109  yrs. β, γ 1460 
 
